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PrefaceExecutive summary
The carbon emission of fossil fuels contributes to global warming. The start-up ZEF 
develops a sustainable alternative to create fuel. By capturing CO2 and H2O from the 
air, the energy from PV solar panels, and the right technology, they create methanol. 
Methanol can, among other things, be used as a fuel or to create plastics. This product 
is called a micro plant. With the development of large PV solar farms with 40.000 solar 
panels and 13.000 micro plants, methanol will be produced on a large scale.

The micro plant is a small chemical factory with about 50 different parts. These 
parts are individually, or within one of the four subsystems developed at TRL level 4. 
However, these parts are only developed at a technical level; the integration of these 
parts into a micro plant suitable for the mass manufacturing of 100,000 pieces has had 
little thought. Therefore the purpose of this graduation project is to guide ZEF towards 
an embodiment design for the micro plant. The four main design drivers that influ-
enced the choices are price, functionality, environmental impact, and flexibility.

To get to an embodiment design the influence of maintenance, the architecture 
design, the insulation and the casing where researched.

Maintenance: The micro plant requires maintenance about every 2 to 5 years.  The 
chosen maintenance strategy is preventive predetermined scheduled maintenance. 
The two extreme options for maintenance were maintenance at the micro plant’s 
location or automated maintenance in a garage. Option one was chosen because this 
allows for the flexibility to make changes in the maintenance schedule. This resulted in 
the requirement to have access to all maintenance interfaces and six control buttons 
for the micro plant.

Architecture design: Architecture design is about how the different parts are posi-
tioned relative to each other. Size of the parts, their heat and cooling requirements, 
their maintenance requirements, and their place in the system diagram determined 
their position.

Insulation: The material used for insulation is stone wool. Stone wool is cheap, 
durable, and has the proper thermal properties. It can be manufactured in different 
ways; for this project, the solution of a box made with stone wool plates, placed 
around the insulation parts and filled with stone wool flakes will be used. The insula-
tion gets a plastic protective layer.

Casing: The core function of a casing is to keep all the parts stiff together and transport 
the air from the air filter to the air fan. It is unnecessary to have a casing that encloses 
the whole micro plant because most parts do not require an enclosed to ensure a 
20 years lifetime. This design chooses a blow-molded air duct with a steel frame to 
embody this ‘naked’ casing.

In the end, the total costs of the micro plant where higher than expected. The micro 
plant needs to be suitable for more PV solar panels, cheaper, or it is not feasible.

This project was only a starting point for product design, recommend is to continue 
the development on the product level, because the product level does influence the 
technical level. Also, getting from a concept to a product requires time and collabora-
tion with multiple stakeholders.

Dear reader, 

When I first contacted ZEF in September 2019, I immediately felt enthusiastic, a real 
challenge with a technical aspect in it, and even more critical working on innovation 
with the ambition to have a positive environmental impact. After an internship in 
Nepal, half a year later, in February 2020, I could start, and I wrote my master thesis:  ‘a 
guide toward the embodiment design of the micro plant.’ With this thesis, I graduated 
from the master ‘Integrated Product Design’ at the TU Delft, and I become a Master of 
Science. 

Only after a month of working at ZEF the Netherlands had to get into an intelligent 
lockdown, due to the outbreak of COVID-19. For me, this mends that I had to work 
from home, among other things, I missed the small coffee breaks with my colleagues 
and the motivating work environment at ZEF. Working from home, I felt like I could 
achieve less work, and it felt less satisfying. But I also was happy that I had a goal to 
work on during this lockdown.  
Now another half a year later, in August 2020, I am almost finished. I can say I enjoyed 
working on the project. I am left with a result I feel proud of and a great learning 
experience. 

I want to thank ZEF and especially Jan, for always answering my questions, and bring-
ing lots of positive energy about the project. But of course also Hessel and Ulrich and 
all the others working at ZEF for their input and team feeling. Secondly, I want to thank 
my graduation committee, JC, for all your enthusiasm and Jos for your input on the 
project. I also and want to thank Henria, Manon, and Wilfried for checking some of my 
content. And of course, I also want to thank my family and friends for their love and 
support. 
I hope you enjoy opening this report! 

Cheers, 

Gerianne Boer 
Delft, august 2020. 
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1. Introduction

1.1 Context
The world’s atmosphere is changing at a rapid pace, since the start of the industrial 
revolution, the concentration of CO2 has increased by more than a third (National 
Aeronautics and Space Administration (NASA, n.d.). A cause of this is the burning of 
fossil fuels, like oil, gas, and coal. The increase of CO2 affects the greenhouse effect, 
which is held responsible for global warming.

To stop global warming, humans have to decrease the the volume of greenhouse gases 
emitted into the atmosphere. Sustainable solutions to fulfill the energy demand have 
to be found.  At the same time, the global energy demand is still growing (Enerdata, 
N.D..-a). Only a small part of the energy consumed is electricity (Enerdata, N.D..-b). So 
there is not only a need for renewable electricity solutions like PV solar panels (figure 
1.2) but a demand for renewable fuel solutions, too.

Developing these renewable fuel solutions can contribute to sustainable development, 
which is widely formulated as: 
‘‘Sustainable development is development that meets the needs of the present 
without compromising the ability of future generations to meet their own needs. 
(Brundtland, Khalid, Agnelli, Al-Athel, & Chidzero 1987).’’

1.2 Methanol
Methanol is chosen as the fuel that will be produced by ZEF. This is because methanol 
is the simplest alcohol with the lowest carbon content and the highest hydrogen 
content. Secondly, because methanol is a building block for hundreds of essential com-
modities and can be used as fuel too, for example, power vehicles or produce plastics. 
 
each micro plant will produce 600 grams of methanol a day, assuming it is attached to 
3 PV solar panels and gets 8 hours of sun a day. 

This report will provide insights into the product development of a methanol produc-
ing micro plant. The micro plant is developed by a Dutch start-up, ZEF (Zero Emission 
Fuels). The micro plant captures CO2 and H2O from the air. Together with the electric-
ity generated by PV solar panels, the micro plant creates methanol. This methanol is 
sustainable because the CO2 is captured from the air and does not use fossil fuels for 
its creation. 

First, the broader context and relevance of the project will be described. During the 
exploration phase, the project scope will be explored. This is concluded by a syn-
thesis including a problem statement research objectives, selection criterium, and a 
program of requirements. Two concepts will be used as a starting point for the design. 
Throughout various iterations and the answering of research questions, the design 
evolves into a full embodiment design for the micro plant. The report ends with recom-
mendations to proceed with the product development of the micro plant.

Figure 1.2  PV solar panels (Photo by Science in HD on Unsplash)

The chemical formula of methanol is CH3OH. Methanol is a colorless liquid. It boils at 
65 degrees Celsius and freezes at -94 degrees Celsius. It is dangerous for humans to 
consume methanol (Petruzzello, n.d.). 
Conventional ways of producing methanol require the use of gas or coal. This 
happens in large chemical plants (figure 1.1). One plant can produce 5,000 ton 
methanol a day (Methanol Institute, 2020). The development of these large chemical 
plants takes a long time, lots of CO2  emissions, and requires high investments.

1.3 ZEF
ZEF stands for Zero Emission Fuels. It is the name of a start-up,– aiming to develop 
a micro plant that can produce methanol with the electricity from PV (Photovoltaic) 
solar panels and CO2 and water from the air. The company mainly employs graduate 
students and interns that join a team for half a year. 
This assignment is executed during the 6th team. Team 6 consists out of 33 students 
and four people responsible for the management at ZEF. The whole team is divided 
into sub-teams. Each sub-team is responsible for a subsystem. The company works 
with a tight budget and is based inside the 3mE faculty of the TU Delft. ZEF also coop-
erates with graduates that work on an individual assignment.

Figure 1.1 International Methanol Company. (n.d.). 
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Figure 1.3 Technology road map

This project:
Embodiment 

design

Optimalisation of subsystems 
through iterations

Proof of 
concept

Design iterations Prototype

Farm development Farm building

Cost 
analysis

Ratio 
analysis

Subsystems 
ready for full 
integration

Production 
preparation in 

collaboration with  a 
manufacturer 

Technology	road	map:	The micro plant consists of different subsystems that are still 
under development. Figure 1.3 illustrates a technology road map of ZEF.  
At the technology level, all the subsystems are conceptualized. Optimization of the 
subsystems is under development. 
This graduation uses the information on the technology level to develop the micro 
plant at a product level. It is relevant to start thinking of the product level of the micro 
plant before the subsystems are fully defined because the technology level influences 
the product level, but the product level can also influence the technology level. 
Furthermore, the deadline for product development is coming closer. 
 
Scope:	The scope is the starting point for exploring relevant subjects that influence 
the embodiment design of the micro plant. Figure 1.4 illustrates the full scope of the 
graduation project. ZEF is in a stage where some of these aspects are designed and 
researched in depth. For example, the design of the subsystems. Other aspects, like 
the maintenance of the micro plant, are only researched at a surface level.

The scope can be illustrated with an example of the architecture design of a car. The 
designer needs some information about the motor, like volume and interactions with 
other elements in the car. Nevertheless, she does not need to know all the details 
about how the motor works on the inside. In the example, the motor is within the 
scope, but the exact details are not within the scope. This also counts for this gradua-
tion project. All the subsystems are within the scope, but only the details that influence 
the embodiment design of the micro plant will be described. 
Furthermore, the project will be forked from most of the developments at ZEF. The 
project will gather information on the technology level at the beginning of the project. 
Technology developments after this point are not always part of the project scope.

TRL: Figure 1.5 illustrates the TRL (technology readiness level) of different subsystems, 

1.4 Project focus
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Figure 1.4 Brainstorm about the scope of this graduation project.
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Figure 1.5 Technology readiness level
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Starting level

Target level

Technology level Product 
level

past 2020 2021 2022 2023 2024

9 Actual system proven in 
operational environment

8 System complete and qualified

7 System prototype 
demonstration in operational 
environment

6 System/subsystem model or 
prototype demonstration in a 
relevant environment

5 Technology demonstrated in 
relevant environment

4 Technology validated in 
relevant environment

3 Experimental proof of concept

2 Technology concept formulated

1 Basic principles observed

0 Idea

part/ subsystem:

Information 
transfer
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1.5 Goal
The goal of this report is:

‘’To guide ZEF by illustrating design options regarding maintenance, heat and cooling 
efficiency, assembly and casing design, and the relative influence on the price of the 
methanol produced by the micro plant. Resulting in an embodiment design for the 
micro plant, without the technological details of the subsystems. This result will be 
expressed by a non- functional physical prototype to inspire, educate & display a vision 
for the end micro plant.‘’

Guiding: provides a framework of the design limitations, formulating design chal-
lenges, exploring the options, and formulating selection criteria to make a validated 
design choice. 

Embodiment	design:	:	is offering a concrete form to a concept. It is a follow up of 
the concept design phase and is succeeded by the detailed design phase within the 
process.

Figure 1.6 illustrates the purpose of building a non-functional physical prototype.

 
 
 
 
 
 

 
 
This report is not a fixed explanation of how the design should be implemented. The 
report is structured in a way that supports design modifications to stay relevant even 
when the optimization of the technology requires changes in the design.

Non-functional 
physical 

prototype

Inspire

Educate

Display a vision

Figure 1.6 Purpose of a non-functional physical prototype

1.6 Approach
Different models can be used as a guideline. Figure 1.7 illustrates a typical ‘stage-
gate’ model where a fixed result is required to enter to the next phase. Each sepa-
rated phase consists of a converging and a diverging part. The illustration is adapted 
to the context and goal of this project. A more agile and innovative model is Evans’s 
model (Geissdoerfer, Savaget, & Evans, 2017). The paper provides a new approach to 
the development of sustainable business models. The general stage-gate model The 

parts, and embodiment design. It illustrates the start of the project and in red what 
will be done during this project. The embodiment design lags behind the subsystems 
that are on a technical level because it is not possible during this project to make a full-
scale functional prototype of the embodiment, because of manufacturing limitations 
and subsystems still being in the test setup, not ready for integration on a prototype 
level.

Figure 1.7 A stage-gate model applied to this project

Figure 1.8  Business model innovation process (Evans et al, 2017)

cycle consists of eight sequential but iterative phases. This means that one can go 
back and forth in the phases and repeat one or several phases. The whole model can 
be repeated endlessly. Although the model is designed to develop sustainable busi-
ness models, it can still guide the complex process of creating a product architecture 
and embodiment design. This model is chosen because the context of the project 
is still evolving. A fixed result from one stage will still change over time. Therefore a 
more holistic approach is needed to see this project as a developing design rather 
than a fixed parameter. Therefore, both models will be used as a guideline to create a 
holistic approach.

• It	is	an	ambitious	project,	innovative	in	technology,	and	the	approach	to	
solving	the	problem.

• Innovation	in	technology	can	be	seen	in	the	approach	to	make	methanol	from	
sunlight	and	air—Furthermore,	the	approach	to	use	mass	manufacturing	
methods	to	create	a	competitive	business	case.

• The	approach	to	solving	the	problem	is	innovative	because	ZEF	works	with	
students	and	a	tight	budget	resulting	in	a	dynamic	work	environment.

• This	project	adds	value	by	guiding	towards	an	embodiment	design.	This	
embodiment	design	is	a	way	to	communicate	design	guidelines	and	
considerations.

• This	project	is	executed	while	the	technology	is	still	at	TRL	level	4,	meaning	
that	it	is	not	fully	defined	yet.

• The	designer	works	with	an	iterative	approach	with	multiple	converging	and	
diverging	moments.
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2. Exploration

2.1 The micro plant
The product works with 6 different subsystems. Figure 2.1 illustrates a schematic 
overview of the system.

DAC: Direct Air Capture 
The DAC captures CO2 and water from the air.

FM: Fluid Machinery 
The FM compresses the CO2 from 0.1 to 50-60 bar. It also seperates the CO2 from the 
leftover H2O in the system.

AEC:	Alkaline	Electrolytic	Cell 
The AEC electrolyzes the H2O to form O2 and H2. It stores the H2 and releases the O2. It 
also purifies the water from the CO2 that is still left in the water.

MS:	Methanol	Synthesis 
Inside the MS the following reactions will take place:

CO2 + 3H2 <--> CH3OH +H2O 
CO2 + H2 <--> H2O + CO

The end product of the MS is a mixture of CH3OH (methanol) and H2O.

This chapter provides background information that is used as a starting point to 
compile a problem statement, research objectives, research questions, design guide-
lines, and a program of requirements.

Figure 2.1: Schematic overview of the plant

AEC

DAC

CO2

CO2 CO2

O2

H2O

H2O H2

H2O

MS CH3OH + H2O

FM

DS:	Distillation	system: The distillation system separates the methanol from the water. 
The result is 99.8% pure methanol (grade A) and water. The distillation proces can take 
place in the micro plant itself or outside the micro plant on a centralized place at the 
farm. For this project, it is assumed that the distillation system is not inside the micro 
plant.

PV	solar	panels: Every micro plant will be attached to one up to ten PV solar panels. 
The type of PV solar panel to be used is not defined yet. The PV solar panel is most 
likely a purchased part that will be chosen at the time of realization based on the 
market prices and performance of the PV solar panels. It is assumed that the PV solar 
panel racks contain vertical beams to the ground. If necessary the micro plant can be 
attached to these beams.

It is assumed that no battery or converter needs to be part of the micro plant.

Furthermore it is assumed that the lifetime of the micro plant should be at least 20 
years. The 20 years is based on the estimated lifetime of a PV solar panel.

2.2 Stakeholders

Figure 2.2 Stakeholders matrix
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* Locals

* Politics

* Transport

*Investors

* Employees

* Solar panel suppliers
* R&D

* Methanol dealers

* Plant constructors

* Manufactures

* ZEF

* Environmental organizations

* Land owners

* Media

Figure 2.2 illustrates the major 
part of the stakeholders that are 
involved with the development 
of the micro plant and it’s  future 
success.

Figure 2.3 illustrates some  of the 
more significant stakeholders. 
These stakeholders are catego-
rized by the amount of influence 
and interest they have in the 
embodiment and architecture 
design of the micro plant. Not 
all stakeholders have a direct 
influence on the architecture and 
embodiment design. Stakeholders 
that could have a direct influence 
on the embodiment design or 
the goal of this project will be 
described underneath. Other rele-
vant stakeholders are described in 
appendix A.

Note: Although stakeholders might influence the embodiment design of the micro 
plant, the main design drivers will be functionality and price. 
 
Locals: Locals are the people that live in the surrounding areas of the methanol farm. 
Locals can have an interest because of job opportunities. They might also be affected 
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Figure 2.3 Selected stakeholders overview

Technology 

development

Product

development

Farm

development

by the realisation of new infrastructure. Locals and farm employees might become 
subject to noise produced by the farm. A noise level of 80 decibel for more than 8 
hours can cause hearing damage; more decibel require a shorter exposure. An expo-
sure exceeding 20 decibel can cause direct harm (Ear check 2015). The noise created 
by the micro plant will be restricted to periods of sun hours. The locals might also be 
interested in the safety of the farm; if something goes wrong, they might be directly 
affected.

It is assumed that fences, camera’s and guards will sufficiently protect the methanol 
farm. In politically unstable countries or regions additional security measures might be 
added (ZEF, 2019). For now, it is assumed that the micro plant itself does not need to 
be designed to be protected from vandalism or theft. 
 
Employees: assumed is that ZEF will work with low-educated employees that will do 
maintenance work on the farm and highly educated employees that will repair and 
evaluate broken micro plants. The employee will have an interest in risks related to the 
safety of the micro plant and the ease of their job.

Maintenance	employees: a maintenance employee should be able to safely access the 
micro plant. Therefore, the micro plant should be assembled at an altitude accessible 
for the employees. It is assumed that maintenance employees will earn minimum 
wages. This is mainly due to the expected lack of relevant educational background. 
Specialized training for the maintenance employees prior to employment at the micro 
plant has been taken into account. Employment at the micro plant requires at least 
a basic understanding of the English language.The maintenance employees will do 
the necessary work regarding the maintenance. The maintenance employees will not 
open the micro plant for safety purposes; they will access the parts that are designed 
to access during use. Methanol is highly flammable. If the micro plant stops working, 
it is dangerous to open the micro plant. When something in the micro plant breaks, a 
signal will alert the maintenance employee that something is wrong. The maintenance 
employee will detach the methanol/water piping and swap the micro plant for a 
working one. 
The quicker/ easier the repair employee can do her job, the lower the cost. 
 
Repair	employees: The repair employee will have a good understanding of English and 
is trained to analyze and repair the micro plant. The high skilled employee does want 
to do her job efficiently in a safe way. 
 
ZEF: For ZEF, the cost and the function are way more important than the actual look of 
the micro plant. However, an honest look can help to attract investors and communi-
cates a positive message to other stakeholders.

Manufactures: The capacity of production techniques, the will to cooperate with ZEF, 
and the price of the manufacturing could all influence the embodiment design of the 
micro plant.
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The location of the farm determines the er mate the micro plant needs to withstand. 
The climate is relevant because it determines which environmental factors the micro 
plant needs to withstand. 
  
Location selection: According to a study by, ZEF (Buijtenweg, van Rooi, Vendrik, 
Verhoeven, & Volberda, 2019), Moquegua in Peru is the optimal location. The report 
illustrates that small changes in assumptions or data can change the optimal location 
choice. The optimal location is the location where ZEF can produce the lowest price 
per ton of methanol. The optimal location was chosen from 21 countries with: 
• Enough sun  
• Politically stable 
• An abundance of space.

The farm is not engineered and designed jet. Engineering will most likely be done in 
coopera tion with a PV solar panel provider, farm builder, or both parties. Large PV solar 
panel farms already exist (figure 2.4). The difference with these power farms is that 
there are no inverters in the methanol farm, but micro plants instead. Inverters convert 
the direct current from a PV solar panel into utility frequency alternating current that 
can be fed to the electricity grid (Wik.ipedia contributors, 2020). Assumed is that there 
is a ratio of 10 PV solar panels per micro plant. Figure 25 illustrates how a future farm 
assumed to look.

2.3 Farm

Figure 2.4 Solar farm

2.4 Location

Figure 2.6 Sandstorm (Garcia, 2005).

Figure 2.4 Solar farm

The methanol farm will be dark during the night. 
The illumination of the park does not have to be 
part of the micro plant.

there will be a vertical beam to hang the micro 
plants.

The methanol farm will have a natural ground, so no 
concrete or asphalt ground. The ground will most 
likely be sand. 

Maintenance workers will transport themselves 
in the methanol farm using golf or tractor type 
vehicles.

Tthe rack can handle the momentum created by the 
micro plant. This is because the wind forces that are 
forced upon the PV solar panels are more significant 
than the weight of one micro plant.

Because methanol is produced at 50 bar, there is no 
need for a gravity head for the flow of methanol and 
water toward the distillation system.

In this stage of the project, a detailed attachment 
system does not need to be designed jet. This is not 
within the scope of this project. 

Figure 2.4 Hot desert enviroment

Lots of suns and high temperatures throughout the 
year (max 50oC min -18oC).

Heavy sand/ dust storms with silt-size particles, 
accompanied by thunderstorms.

The desert soil is often sandy, covered with rocks or 
a layer of salt (BBC, n.d.).

Latitude around 30N and 30S.

Windspeed of more than 100km/h.

Little to no precipitation. Types of precipitation -> 
Snow, hail, and rain.

Animals could enter the micro plant. The embod-
iment design of the micro plant should disable 
animals to shorten the lifetime of the micro plant. 
Deserts have little biodiversity. However, there are 
still animals who have adapted enough to live in 
the desert. The desert has reptiles, like snakes and 
lizards, bird, insect and mamals, like the camel. 
(Gillespie, 2018).



P. 25ExplorationP. 24Exploration

2.5 Production

2.6 Environmental impact

Assumed is that the micro plant will be produced in Europe. The purchased parts and 
the PV solar panel will be bought at a low price, most likely from China. 
The assembly should happen most economically and could be done by robots or by 
hand. For assembly with robots, an experienced company can be contracted. Before 
using micro plants, quality control can be executed.

 It is desirable to have an embodiment design suitable for all the farms that will be built 
in the first seven years after the realization of the first farm. Table 2.1 illustrates the 
production volume.

Assumed batch size 100,000 micro plants

Size first test farm before starting mass production 40.000 PV solar panels

PV solar panels per micro plant 3

Amount of micro plants in first test farm 13.000 micro plants

Once installed and fully operational the micro plant will have a positive impact on the 
environment by capturing CO2 from the air. CO2 will released into the air as soon as 
the methanol is burned. Methanol produced by the micro plant will have a positive 
impact on the environment. Nevertheless, the materials used and the production of 
the micro plant could still harm the environment. 
A study (ZEF, & Hacking, 2019) was conducted to investigate the total impact of the 
micro plant. The study found that the net impact of the micro plant is positive. It  out-
lines the following recommendations to further minimize the environmental impact:

• Maximize the efficiency of the micro plant.

• A long lifetime is vital to reduce environmental impact, therefore lifetime is  
 more important than the materials used.

• Recycling will decrease environmental impact.

If the first farm is a success, more farms will be realized. These new farms will be built 
on the same or at different locations. The uncertainty of the current location and the 
future perspective means that the micro plant should withstand all weather condi-
tions, plants, and wildlife that can be found on any of the potential locations. 
The farm will be built in areas with much sunlight. Most of these areas are classified as 
hot or cold deserts. The hot desert usually has a more extreme climate than the cold 
desert. Therefore the scope of this research is the extremes from the hot desert.

Weather	conditions:	A climate is called a desert when there is low precipitation, 
usually not more than 200mm annually. The characteristics of a hot desert are illus-
trated in figure 2.7 (Hays, 2011; Junior, 2017; Miller, 2017; Windfinder, n.d.) Figure 2.6 
illustrates how a sandstorm can look like.

Table 2.1 Production volume

Lifetime: In the event of breakage the broken micro plant will be sent to the 
Netherlands where it will be analysed. It is essential to know what has caused the 
breakage in order to predict the possible failure of other micro plants and to redesign 
new genera¬tions of micro plants. Before sending the micro plant back to the farm, the 
micro plant can be tested in a controlled environment. 

Failure of the micro plant is more likely to happen particularly in moving parts; these 
are the com¬pressors in the FM and the pressure relief valves. Failure also can occur 
inside the electronica and sensors.

The outline of the circular economy, as illustrated by the Ellen MacArthur Foundation 
(n.d.), can be used as a guide to minimize environmental impact. By circulating prod-
ucts and materials and using renewable energy a circular economy can be achieved.

 
End	of	life: End of life covers all further steps to be taken with the micro plant after 
the end of its lifetime, considering that it cannot be maintained any longer, re-used or 
refurbished anymore. End of life still continues the environmental impact of the micro 
plant. However, the amount of methanol that can be produced as well as the lifetime 
of the micro plant are vital factors in decision making. End of life should not be consid-
ered with high priority. An ideal scenario for the end of life could be the moment when 
the micro plant is disassembled. If possible, parts will be re-used or refurbished. From 
all parts, the exact composition of the materials is known, the different component 
materials can easily be separated and recycled. The use of non-recyclable and toxic 
materials should be avoided if possible.

2.7 Financing
The final goal is not to make the cost price of the micro plant as low as possible but 
to make the price per ton of methanol as low as possible. Figure 2.8 illustrates how 
different aspects of embodiment design of the micro plant can influence the methanol 
price. Several aspects influence the methanol price in different ways. CapEx is the 
capital expenditure for the farm. This mainly covers the farm infra¬structure and the 
hardware costs of the micro plant. The micro plant costs form a large share of the total 
cost of methanol (Buijtenweg, et al., 2019). OpEx are the operational expenses of the 
farm. For example: the costs of maintenance. Lifetime indicates how long the micro 
plant and the farm can fulfil their function. If the lifetime is shortened from 20 to 10 
years, the CapEx has twice as much influence on the price of methanol. The illustration 
provides an idea about how different aspects influence the price of the methanol 
produced by the micro plant. It is used to illustrate how design choices can influence 
the methanol price in different ways. Furthermore, the realization of a methanol farm 
requires capital. This capital could, for example, be obtained from investors or sub-
sidies. This graduation project can make the setup of a micro plant less abstract and 
more appealing for investors.
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• The	DAC,	FM,	AEC,	and	MS	need	integration	into	one	mass-producible	micro	
plant.

• The	exploration	point	out	the	following	points	essential	for	the	embodiment	
design	of	the	micro	plant:

 ◦ The	micro	plant	needs	to	survive	20	years	in	hot	dessert	circumstances.

 ◦ The batch size is 100.000 pieces.

 ◦ The	micro	plant	should	have	a	positive	environmental	impact.	This	can	be	
done	with	the	sustainable	production	of	methanol,	the	design	for	a	long	
lifetime	of	the	micro	plant,	and	the	ability	to	recycle	materials.

• ZEF	is	involved	with	a	large	number	of	stakeholders.	Stakeholders	that	influ-
ence	or	could	be	influenced	by	the	embodiment	design	of	the	micro	plant	are	
relevant.	

• Although	the	context	is	not	100%	clear,	yet	the	context	will	be	frozen	to	design	
appropriately.
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Figure 2.8 Methanol price
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3. Synthesis
This chapter synthesizes insights from the previous chapters to create a framework for 
this graduation project. Figure 3.1 illustrates the structure of this chapter. 

 
 
 
 
 
 
Problem	definition: What problems does this project solve? 

 
Research	objectives: The main goal is divided into multiple smaller goals (research 
objectives) and research questions. 

 
Design guidelines: Guide validated choices between the options that come across 
during a divering phase. 

 
Program	of	requirements: The program of requirements gives a set of boundaries. 
Everything not applicable within these boundaries is either not suitable for the design 
or it expresses that something initially went wrong with formulating the program of 
requirements. The final program of requirements can be found in appendix B. 

Figure 3.2 illustrates an analogy of how the synthesis will guide. The problem definition 
indicates why we should go in a certain direction. The objectives are ‘stopovers’ to 
gather the right information necessary to reach the main goal. The program of require-
ments will indicate where I can ´walk´ and were not; it indicates the boundaries. The 
selection criteria will guide me to find the best ‘path’ to achieve the main goal.

Insights

Problem definition

Research objectives 

Design guidelines

Program of requirements

Figure 3.1 Synthesis structure
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3.1 Problem definition
To achieve the goal of ZEF ‘to produce methanol from the air with large solar farms’ 
advanced technology is under development. However, this technology should be 
developed into a micro plant that can be mass-manufactured and should be opera-
tional for at least 20 years. 
 
Parts: There should be an overview of all the parts needed and the requirements 
of these individual parts to get to an architectural design. In addition an overview is 
required of how these parts interact together. It is a challenge to filter out the informa-
tion that is relevant for the embodiment design but also to have a complete overview 
in place disregarding unnecessary details. 
 
Architecture design: It needs to be established in what sequential order parts can 
be integrated most optimally. To create an efficient heat optimization plan is another 
challenge. Some parts need to be cooled while other parts need insulation. This will 
affect the architecture design of the micro plant. The micro plant requires regular 
maintenance. The frequency of the maintenance and detailed activities are not clear, 
yet. It needs some efforts to predict how the optimal maintenance scenario will look 
like in the future and how this will influence the architectural design of the micro plant. 
The different parts need to be assembled. There should be enough stiffness to prevent 
failure in the future. It is a challenge to find out in what way this can be realized 
effectively.

 
Casing: The micro plant needs to perform under afore mentioned extreme desert 
circumstances. Insulation needs to be kept together while some parts need protection. 
It is a challenge to design a casing that will turn out to be less costly but still fulfils its 
core functions.

3.2 Research objectives
The research objectives are divided into two objectives:  the different parts of the 
design (parts) and their underlying relations (architecture design) and the casing 
around these parts (casing). To get to an embodiment design first the parts need to 
be described. Secondly the architectural design needs to be determined. Therefore, 
different factors influencing the architecture design will have to be researched. The 
factors are heat and cooling efficiency, maintenance and assembly. Finally, by research-
ing the core functions and limitations of the casing its properties and shape can be 
determined. 

The description of part properties can be found in appendix C.

 Parts 
Objective: To describe the relevant properties and interactions of 
the parts within the micro plant that contribute to embodiment 
design.

Research	questions:

1. What are the relevant properties for the parts within the 
micro plant?

Architecture design
Objective: To integrate all parts optimally.

Research	questions:

1. How do heat and cooling efficiency influence the architecture 
design ?

2. How will the optimal maintenance journey effect the design of 
the micro plant?

3. What are the most important considerations for assembly 
and how does this effect the architecture design of the micro 
plant? 

Casing
Objective: To design a casing that can fulfil its core functions.

Research	questions:

1. How do heat and cooling efficiency influence insulation?

2. What are the core functions and limitations of the casing?

3. What are the micro plant properties and the main shape of 
the casing?

Parts

Integration

Embodiment

Parts

Integration

Embodiment
Parts

Integration

Embodiment
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3.3 Design guidelines
The	main	design	guideline	is	the	influence	on	the	price	of	the	methanol,	produced	
by	the	micro	plant. 
The micro plant is only feasible if it can produce methanol for a competitive price. A 
number of different factors influencing this price need to be considered. Sub chapter 
2.7 illustrates the complexity of this methanol price structure. As the methanol price 
is complicated most design decisions will have to be based on assumptions about the 
methanol price and factors that contribute to this price.

 The design guidelines are:

• Price: The influence on the price of the methanol produced by the 
micro plant. Influence on the CapEx, the Opex, and the lifetime. In this 
phase of the design, how does the decision influence the part price for 
a batch size of 100.000 micro plants?

• Functionality: 

 ◦ Manufacturability: Can the embodiment design be produced  
for the intended batch size with manufacturing limitations of   
the chosen production method? Is there a need for secondary 
processes? Can the embodiment design easily be assembled?

 ◦ Purpose: Can the intented production method fullfill the   
intended functions?

• Environmental	impact:	The core working principle of the micro plant 
is sustainable. The embodiment design will not change the core 
principle of the micro plant. However, if there are two choices equally 
influencing the methanol price of the micro plant the most sustainable 
solution should be chosen. Options should also be recyclable after 20 
years lifetime .

• Flexibility: If the design decision is based on several assumptions how 
much flexibility is available for these assumptions to change? Does the 
choice allow iterations towards a better design in the future? How big 
are the investment costs: How big is the risk for ZEF? 

• The	main	goal	to	get	to	an	embodiment	design	has	not	changed.	However,	the	
path	towards	the	embodiment	design	has	been	paved.

• The	path	follows	the	identification	of	parts,	the	integration	of	these	parts,	and	
the	casing	around	these	parts.	During	this	process,	heat	and	cooling	efficiency,	
maintenance,	and	assembly	will	be	taken	into	account.

• To	steer	towards	the	best	result,	the	following	design	drivers	will	guide	price,	
functionality,	environmental	impact,	and	flexibility.
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Maintenance	definition:	Maintenance can be defined as:

 “Combining all technical, administrative, and managerial actions during the lifecycle 
of an item intended to retain it in, or restore it to, a state in which it can perform the 
required function” (Peters & Madlener, 2017). 

Within the micro plant, maintenance is essential to guarantee 20 years lifetime and to 
ensure that the micro plant will keep working optimally, meaning that a large quantity 
of MeOH is produced. 

4.1 Introduction

Research	question:	How will the optimal maintenance journey affect the design of the 
micro plant?

Scheduled, 
on request or  

continous

Condition 
based 

maintenance

Corrective maintenance

Periodic ImmediateScheduled

Predetermind 
maintenance

Preventive maintenance

Maintenance

4. Maintenance

Figure 4.1 maintenance strategies (Peters & Madlener, 2017).

Maintenance strategy: Maintenance can be categorized into different subgroups 
(figure 4.1). Within this project, the choice is to use preventive, predetermined, 
scheduled maintenance. 

Predetermined maintenance is first because of the redundancy strategy. When in 
a large chemical plant, one part fails, other parts can fulfill the same function, and 
not the whole chemical plant has to shut down. This is expensive because it requires 
multiple elements that can fulfill the same function. Moreover, sensors that can detect 
errors. In the case of the micro plant farm, the redundancy is not within the micro 
plant but in the number of micro plants fulfilling the same function. The CapEx of the 
micro plant needs to be minimal. Therefore the least amount of sensors will be used. If 
one sensor detects an error, the whole micro plant will shut down. Therefore, condi-
tion-based maintenance is not possible because there are no sensors or other ways to 
measure if maintenance is necessary. If the whole micro plant shuts down because of 
an error, it is not possible to predict the origin of the error, so the micro plant will need 
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to be repaired, this is a different procedure than maintenance. 
Furthermore, the micro plant must keep producing a high amount of methanol; 
maintenance can increase the amount of methanol produced by the micro plant. It 
can be predicted when this maintenance is most effective, and therefore, it is prede-
termined maintenance. Predetermined maintenance also enables easier logistics for 
a large number of micro plants.

For the embodiment and maintenance design, maintenance employees should be 
able to see when the micro plant is not working anymore. 

Within the scope of this research are all the parts that (might) require general 
preventive maintenance and the swapping of the micro plant. Not in this chapter are 
the general cleaning of the micro plant, the maintenance of the PV solar panels, the 
repair of broken micro plants, and the conservation of the farm area.

The chapter will give insights about maintenance on a top-level and on a part level. 
Promising solutions are clustered in a morphological chart. From this morphological 
chart, two concepts are generated. The concepts are compared, and the most 
promising concept is chosen.

Maintenance	timeline:	All the parts that require maintenance and their mainte-
nance scenario are described in appendix D1-D7. Figure 4.2 provides an overview of 
these different parts and their assumed maintenance moment. The following conclu-
sions can be derived from this graph: 
- Maintenance is not a continuous process; it happens periodically.
- Different maintenance jobs can be combined or done during the same round.
- Sorbent maintenance might be done more frequently to create a more periodi-
cally maintenance scheme.
Swapping and oil wipe is in the schedule because the maintenance for these items
should be predetermined, how often is dependent on design choices.

Maintenance	scenarios: From the morphological chart in appendix D8, two mainte-
nance scenarios are created.  

    Maintenance scenario 1 &         Maintenance scenario 2. 

Figure 4.2 Maintenance timeline
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Figure 4.3 System bounderies maintenance scenarios

The motivation to develop two significant different scenarios about maintenance is 
because it allows comparison between the scenarios. Also, because these are the two 
most realistic scenarios that fit a predetermined maintenance strategy, other mainte-
nance scenarios are only possible if the predetermined maintenance would not be a 
binding factor. 

Scope: The scenarios are developed on an abstract level. Only information that would be 
relevant for the comparison of the concepts is investigated. After comparing the scenar-
ios, a choice will be made. The scenarios will be compared with as main goal to see if one 
scenario has a significant economic benefit over the other scenario. For this purpose, 
an economic model was created. Figure 4.3 illustrates the system boundaries of the 
economic model. It illustrates what is relevant to know when researching a maintenance 
scenario. Appendix D8 describes those that are used in the economic model.

Scenario 1. has al its predetermined maintenance at the operating location of the 
micro plant. Assumed is that most maintenance does require manual labor and can not 
be fully automated with robots. It is assumed that most maintenance requires opening 
a cap to access the maintenance interface. 

Maintenance	timeline: Figure 4.4 illustrates the five maintenance moments that 
take place during 20 years lifetime. Assumed is that one maintenance moment has a 
deviation of half a year. So to complete one round of maintenance demands one year. 
For example, maintenance moment one will start at 4.5 years after operating the micro 
plant, and it finishes in year 5.5. The maintenance moments are not connected. In 
between the maintenance moments, there is a gap of 1.5 years where no maintenance 
is scheduled. There are two options, having a temporary team that comes 

4.2 Maintenance scenario 1.
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Figure 4.4 Scenario 1. timeline

when maintenance is scheduled. Option two is to close the time gap. The gap can be 
closed by spreading the maintenance or by filling the gap with other activities, like 
conservation of the farm area and maintenance of PV solar panels. Assumed is that 
the maintenance tasks of one period will be joined. For example, during maintenance 
moment one, the maintenance employee will change the air filters and do the oil 
refill in one visit.  
Sorbent maintenance is not synchronized with the other maintenance moments, 
because if that is done more Sorbent is needed, this will require more maintenance 
costs. 

Maintenance	scenario: Figure 4.5 illustrates the maintenance of maintenance 
moments 1, 3, and 5. Figure 4.6 illustrates the maintenance of maintenance moment 
2 and 4. The time required to perform a task is an estimation.   
For this scenario, it is assumed that the micro plant requires a casing and that it 
needs to open to access the maintenance parts. 

Maintenance	costs: Al the prices are prices that make this scenario different in price 
than the other concept. The prices are in euro per micro plant. 
Plant costs:  
Buttons and interfaces are all 1 euro per micro plant, based on the price of premanu-
factured buttons (source) 
Tool costs: 
Robots that assist or do the maintenance are  
the estimated price of a robot = 10000 for 20.000 micro plants, if maintenance is 
done for six micro plants a day for 300 days a year. Assumed is that there are 4000 
micro plants on the farm. The price for the robot is based on a benchmark of similar 
high end automated robots, like milk robots and cheaper equipment like compres-
sors. 

The illustration shows that to design with this scenario, the CapEx costs are only 
increased by costs for the micro plant and costs for robots. The total CapEx costs are 
4.50 euro. 

This scenario influences the embodiment of the micro plant by allowing maintenance 
employees to easily access the parts that require maintenance and being able to 
assemble robots to these parts. 
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4.3 Maintenance scenario 2.
Scenario 2. is based on maintenance inside a garage. Assumed is that the maintenance 
is done with a production line. The micro plant is first swapped, with a hot-swap, 
and brought to the garage. All the maintenance is done inside the garage. Inside 
the garage, there is a production line. The maintenance is done partly automated. 
Assumed is that maintenance workers need to assemble and disassemble robots. The 
robots will automatically do the work of draining, cleaning, and filling. During this time, 
maintenance employees do not have to wait but can work on other micro plants. The 
assembly and disassembly of robots will require less time than in the field because it 
is a repetitive action on a production line. Maintenance always requires swapping the 
micro plant. Swapping the micro plant is time-intensive.

Maintenance	timeline: Figure 4.7 illustrates the maintenance moments that take 
place during the 20 years lifetime of the micro plant. There are three maintenance 
moments. The most significant difference with concept 1 is the change in Sorbent 
maintenance, from every seven to every five years, so it is in sync with other mainte-
nance tasks. The other difference is the swapping that is required during every mainte-
nance time. 
It is assumed that one maintenance moment requires a year to complete. This means 
that in between the maintenance moments, there is a four-year gap. This gap is too 
big to fill with other activities. Therefore the maintenance workers need to work 
temporarily.

Maintenance	scenario:	Figure 4.8 illustrates the swapping of the micro plant. Figure 
4.9 illustrates the maintenance of the micro plant. Times are estimations. Prices in 
euro per micro plant. 

Maintenance	costs: Micro plant costs and tool costs for robots are estimated in the 
same way as scenario one.

Tool costs: The production line costs are based on the price of conveyor belts (source). 
The vehicle price is based on the price of a forklift vehicle. The micro plants needed 
for the swapping are estimated at the need for 40 micro plants with a cost price of 250 
euro. 

For the design of the micro plant, this means that the maintenance employees need 
to be able to access the maintenance parts to assemble and disassemble robots. It 
should also be easy for the maintenance employees to disassemble and assemble the 
complete micro plant. 
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4.4 Comparison
The times and costs per maintenance scenario are calculated and compared. The cost 
is 30 euro / micro plant for maintenance scenario 1. and 48 euro for maintenance 
scenario 2. This is not the total maintenance cost per micro plant but the costs that are 
different per concept. an illustration of the cost differences can be seen in figure 5.14 

The cost calculation is based on the assumptions explained in §4.2 and §4.3. 

Labor	costs: calculated with an assumed hourly rate of 10 euro/ hour times the 
number of hours spent on the maintenance of one micro plant. 
Result: There is no significant difference in the number of hours spent maintaining a 
micro plant, although the activities and way of working are quite different. This dif-
ference is not significant because in maintenance scenario 1. the maintenance takes 
more time. However, in maintenance scenario 2. the swapping of the micro plant also 
requires time that is spent in maintenance scenario 2. However, this result is quite 
uncertain and mainly based on assumptions. Advised is to do more research about the 
difference in labor costs later in the project. 

Tool	costs: The costs of expensive equipment like robots. 
Result: scenario 2. is twice the expense of scenario 1. This makes sense because sce-
nario 2. is more focused on automatization, and this requires money. However, the tool 
costs are still quite low in comparison to other costs. This is because the costs of one 
robot can be spread over a large number (400.000) of micro plants. This means saving 
one euro on a micro plant, is spending less than 400.000 euro on tool costs. 

Farm	costs:	Extra costs that are needed on the farm to fulfill the chosen maintenance 
strategy. This is a garage with the assumed costs of 100,000 for scenario 2. scenario 1. 
does not make extra costs in this category. 
Result: Only scenario 2 has additional farm costs. Because these costs can be spread 
over 400,000 micro plants, there is no big difference between the two scenarios. 

Maintenance	costs: extra costs spent on replaceable hardware parts or liquids in the 
micro plant. The only difference between the concepts is that for scenario 2. there is 
an extra replacement for Sorbent. 
Result: since 2L of Sorbent costs 20 euro, this makes a big difference in the cost 
difference between the concepts. Because the Sorbent is such a high cost, it is advised 
to look into refurbishing Sorbent or only replacing the Sorbent once in the lifetime of 
the micro plant. 

Micro	plant	costs:	micro plant costs are the extra hardware costs involved in the cost 
price of the micro plant itself. The extra costs include buttons, extra caps, and seals. 
Results: scenario 1. is more expensive than scenario 2. This is based on the assumption 
that there will be a casing with a maintenance interface. If the micro plant would not 
have a casing, these costs will be different. Figure 5.13 illustrates what interface is 
required for each scenario.  The most significant differences are how to access the 
Sorbent, KOH, and oil points. It also shows that the benefit of concept 2 for the simplic-
ity of the embodiment design is not too big. 

sorbent

Sorbent

Oil

KOH

Oil

TEPA

KOH

OilSorbent

KOH

Oil
VS.

 interfaces

Bu�ons

Airfilter swap

Power plug & MEOH output

Figure 4.11 Differences in embodiment design concept 1 and concept 2

maintenance	concept	1. maintenance	concept	2.

Figure 4.10 Cost difference scenario 1 and 2

Loss	of	MeOH:	The amount of time a micro plant does not operate and no valuable 
MeOH is produced. In this model, the loss of these MeOH is calculated as costs. 
Results: In scenario 1. there is a more significant loss of MeOH than in scenario 
2. This is because the micro plant has five maintenance rounds instead of 3.
Furthermore, scenario 1. does not involve a hot-swap. Nevertheless, the cost differ-
ence is almost neglectable.
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Scenario	1. Scenario	2.
Pro’s

Maintenance moments are flexible and can be 
done more or less frequently.

Climate and dust control are possible inside a 
garage.

Maintenance tasks that are combined can easily 
be split or vice versa.

It is easy to add extra maintenance and controlling 
procedures since the whole casing will be opened.

No need for swapping the micro plant. Robots can stay in one place, therefore they can be 
bigger and more advanced to create a higher level 
of automation.

Cheaper option. More ergonomic work circumstances.
Possible to see the micro plant operating in the 
field and gain knowledge about it.

A line can decrease labour time.

Con’s
Extreme weather conditions, like heat and dust, 
can create an unpleasant work environment and 
risks for the micro plant when opening the micro 
plant.

Need for swapping the micro plant.

More time-consuming. Waiting time of for example 
drainage is part of the labour time.

Scheduled maintenance moments are less flexible 
to shift.

Requires extra casing costs for the micro plant.  If one single task needs to be done swapping is 
needed.

Tools and robots are used outside and need to be 
transported to the micro plant.

More expensive option.

 Requires a garage.

Table 4.12 differences scenario 1. and scenario 2.

Table 5.1 explicates the differences between scenario 1 and 2. It illustrates that both 
scenarios have their pros and cons and that both of them could be beneficial depend-
ing on the requirements of the maintenance.

Scenario 1 is chosen for the embodiment design of the micro 
plant. 

This scenario was cheaper in the analysis. However, it is also 
not realistic to assume that for the first 100.000 micro plants, 
the predetermined maintenance schedule will be followed as 
planned. After operating the first farm, data needs to be col-
lected to evaluate the maintenance strategy. Scenario 1 allows 
small changes to the maintenance schedule without changing 
the design of the micro plant.

However, the analysis also illustrates that a significant mainte-
nance cost is the labor costs. For the design of the micro plant, 
this means that designing the maintenance in a way that can be 
done fast can decrease OpEx. Nevertheless, this analysis can not perfectly illustrate the 
highest maintenance costs because it only shows the maintenance costs that create a 
difference between the two scenarios. This comparison shows that the cost difference 
is still based on a large number of assumptions and that the differences between the 
scenarios are too small for harsh conclusions.

For the design of the micro plant, this means:

• The focus is on easy and fast maintenance at the place of the micro plant.

4.5 Conclusion

On place 
maintenance

Garage 
maintenance

• Maintenance robots are used to decrease labor time.

It needs to be possible to check if the micro plant is operating or needs repair. It is 
not necessary to use a visual signal on the outside of the micro plant. A maintenance 
worker could also use an infrared to check if there is still heat generated by the 
micro plant. If there is no heat generated anymore, the micro plant needs repair. 
Controlling the working of the micro plant could also be done in other ways, like 
using a drone that creates infrared camera visuals. 
 The requirements derived from the maintenance study are illustrated in figure 4.x, 
this illustration answers the research question: How will the optimal maintenance 
journey affect the design of the micro plant? 

• Type	of	maintenance:	predetermined	preventive	scheduled	maintenance.

• There	is	a	2	to	5	years	time	interval	between	maintenance	moments,	which
means	that	a	fulltime	maintenance	team	is	discussable.

• Two	concepts;	on	place	maintenance	and	robot	maintenance	in	a	garage.
Main	design	driver:	flexibility,	maintenance	in	a	garage	offer	little	to	no
flexibility	to	change	the	maintenance	schedule.	For	the	first	farms,	it	needs	to
be	possible	to	shift	in	the	maintenance	schedule.

• Robots	that	can	do	maintenance	in	place	can	reduce	‘expensive’	labor	costs.

• The	comparison	between	the	two	scenarios	is	based	on	numerous	assump-
tions.	Therefore	the	difference	between	the	scenarios	is	not	significant	enough
to	draw	hard	conclusions.	The	primary	insight	is	that	the	difference	is	not	that
significant	and	that	after	pilot	testing,	more	research	is	needed	for	a	reliable
maintenance	consult.

• The	final	embodiment	design	requires	buttons	and	access	to	maintenance
parts.
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It needs to be possible to assemble 
and disassemble the micro plant to 
the PV solar rack system.

It needs to be possible to access: 
The Sorbent filter
The compressors
The KOH manual valve
The air filters

There needs to be an oil, water 
vaporizer that can hold 57 ml of oil.

For repair purposes, it need 
to be possible to disassemble 
the power input and the 
methanol output.

There need to be bu�ons for:

Release pressure inside the system

Turn of the micro plant

Restart the micro plant.

Operate the pumps of the DAC

Operate the boiler of the DAC

Op�onal: operate the oil pump in the 
FM, to replace a higher percentage of 

the oil in the system.

Figure 4.11 Requirements derived from the maintenance study
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5. Architecture design

5.1 Introduction
Table 5.1 illustrates different solutions for ten problems that arise when developing an 
embodiment de-sign for the ZEF micro plant. The first eight problems are about how 
to distribute different parts within the micro plant to create an architectural design. 
For each part category different ideas are proposed. For each problem one or multiple 
ideas are chosen to be implemented in a concept. Two concepts are generated. 

  Concept 1   &        Concept 2.

Occasionally similar or identical ideas were chosen to be implemented in both con-
cepts. The rest of the chapter will explain and argue the two concepts. The chapter 
ends with an evalua¬tion and a conclusion that will be used for the next iteration. 

The concepts are detailed with choices about the type of insulation, the type of casing, 
and the applied maintenance scenario. It is relevant to see how these choices influ-
ence the architecture design of the micro plant. Appendix E explains the choices in 
more detail with more illustration.

Parts

Integration

Embodiment

Objective: To integrate all parts optimally.

Research	question: How do heat and cooling efficiency influence the architecture design ?

5.2 Concept 1.

Top-view

Absorption column

PCB

Dangerous exits

Bracket

FM

DAC

AEC

Maintenance
MS

Figure 5.1 Schematic overview concept 1.

Note: some parts have been updated after the creation of concept 1 & 2 and concept 
3. Therefore the parts illustrated in the figures might be slightly different from those 
described in appendix A

Figure 5.2 and 5.3 illustrate a 3D rendering of the architecture design. This image is to 
illustrate where the different parts are positioned. The colors illustrate to which sub-
system the parts belong. Figure 5.2 and 5.3 are simplified versions of the architecture 
design. The parts are simplified in shape, and the connecting pipes, insulation sensors, 
and wires are not illustrated. All individual parts requirements, like orientation and 
cooling, are met in the architecture design. The figures indicate how the ideas from the 
morphological chart are implemented in the design. An argumentation is given for the 
choice of ideas and their implementation.

Figure 5.1 illustrates a schematic top view of concept 1. 

• The absorption column is in the middle and functions as a base. This is because the 
absorption collum is one of the largest parts in size. 

• The parts of the DAC that are not the absorption column are on the same side as 

the AEC, because they both require insulation. 

• The MS is a long part; therefore, it is placed on the front, on the long edge of the 
design. In this design it could also have been placed at the back. 

• The air filters are placed at the bottom of the design; this allows the wind to blow 
off dust. 

• Air needs to be conducted from the top of the absorption column to the air filter. 
The air duct is not illustrated in the figure. The air duct could be placed next to the 
FM subsystem.

Insulation	material: figure 5.4 illustrates the place of the insulation. It is chosen to use 
solid premanufactured insulation. The influence on the architecture design is about 
the space that is required for the insulation. 
 
Casing: The architecture design influences the volume of the casing. The casing does 
not have a considerable influence on the architecture design (figure 5.5). 
 
Maintenance: The maintenance scenario influences the position of maintenance 
parts, as described above.

Figure 5.5 Maintenance and casing
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Figure 5.2 Architecture design front

Figure 5.3 Architecture design back

1b.	Maintenance	on	one	side,	
outside	the	casing: Having the 
subsystems together makes 
it easier to distribute the 
maintenance parts (parts that 
require maintenance). Having 
al the maintenance parts on 
one side of the plant makes it 
easier to create an ergonomic 
maintenance interface. It also 
makes it easier to have danger-
ous outputs, like an O2 purge 
on a side that does not directly 
require human interaction.

1f. Wires distributed behind 
a bracket: Having the PCB in 
between the absorption column 
and the bracket makes it easy 
to distribute the cables to the 
different parts. The cables will 
come from behind the bracket.

1b.	Dangerous	exits	on	the	
other	side	than	the	side	of	the	
maintenance

1e.	PCB	attached	to	the	absorp-
tion	column.	&	1e.	PCB	behind	
a bracket: The PCB is attached to 
the absorption column because it 
is in the middle of the architec-
ture design. When the PCB is 
positioned at a centralized space 
in the design, the wires can easily 
access all the sensors. It is also 
good to have the PCB at a place 
where it can release heat into the 
environment.

1a.	Subsystems	kept	together: It is chosen 
to keep subsystems together. Subsystems 
together create a better overview, and the 
distances between different parts can be kept 
short, resulting in shorter piping constructions. 

1g.	Hang	parts	on	a	bracket: In concept 1. 
the parts are hanged on a bracket (sheet 
metal frame), the bracket is placed around the 
absorption column. 

1c.	Insulation	parts	together: Insulation parts 
are kept together as much as possible; this is 
to reduce insulation material and heat leaks. 
In this way hot parts can share their heat with 
other parts that need to be hot.

1d.	Cooling	parts	outside	the	casing	&	1d.	
Cooling	parts	on	the	other	side	of	the	main-
tenance side: In concept 1 the cooling parts 
are outside the casing; this is to allow outside 
air to cool the parts. Cooling parts can become 
hotter than 60 degrees Celsius. For a safe 
maintenance interface where the maintenance 
employee is not in direct danger of hot parts, 
the cooling parts are not positioned on the 
same side as the maintenance interface.

5.3 Concept 2
Note: For this design maintenance scenario 2 was used.

The figures are a simplification of the architecture design. Piping connections, insula-
tion, and wires are not illustrated. The air filters are underneath the micro plant for the 
same reason as in architecture design 1. Figure 5.7 and 5.8 illustrates the architecture 
design. The colors indicate to which subsystem the parts belong. The orange part is the 
air duct. 

Figure 5.6 illustrates a schematic overview of concept 2. It illustrates where the differ-
ent subsystems are placed. 

• The absorption collum is placed on the right, and all other small parts are placed 
on the left. Positioning all the small parts of different subsystems in the same area 
can save space, and it allows stacking parts on top of each other. 

• Having all the parts on one side of the absorption column also allows the cooling 
parts to be inside the air duct.

•  The MS is placed in the back over the long edge of the design. The MS is placed in 
the back because there it is closer to other parts that require insulation and to the 
parts that it needs to be connected with piping. The MS is also placed at the back 
because of its large size. 

Insulation	material: figure 5.9 illustrates the place of the insulation. Loose insulation 
flakes are chosen. This will influence the architecture design based on how these flakes 
are confined. For example, an extra to separate insulation parts from other parts might 
influence the architecture design.

Casing: the casing does not have a direct influence on the architecture design.

Maintenance: The parts are distributed based on the choice of maintenance scenario. 
For this architecture design, maintenance scenario 2 used (figure 5.10).

Top-view

Absorption column

PCB

Air duct

FM / DAC / AEC

MS

Figure 5.6 Schematic overview concept 2.

Figure 5.10 Casing and maintenance
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Figure 5.7 Architecture design front

Figure 5.8 Architecture design back

1b.	Maintenance	not	centralized	
inside the casing: Maintenance 
parts are all inside the casing. 
Because maintenance will 
happen in a garage with a con-
trolled environment, it is possible 
to open the whole micro plant.

1f.	Wires	distributed	with	cable	
tray: The wires will be distributed 
using a cable tray. This method is 
also proven to be effective in the 
car industry.

1e.	PCB	attached	to	the	absorption	
column: The PCB is attached to the 
absorption column, next to the air duct. If 
necessary, the PCB can be placed inside the 
air duct.

1a.	Mixture	of	all	subsystems:	
The subsystems are mixed 
because there is no need to have 
a strict order when maintenance 
parts do not have to be on the 
same side.

1g. Stack inside the casing: Concept 2 does 
not use a bracket to attach parts; instead, 
it stacks parts on top of other parts. 
The piping construction will also create 
stiffness. Inside the casing, ribs can be 
added to fit parts.

1c.	Insulation	parts	together:	The solution 
for parts that require insulation is the same 
as in concept 1. The insulation parts are 
kept together to create an optimal heat 
scenario. 

1d.	Cooling	parts	inside	the	air-	duct: to 
close the casing, the coolers are places in 
the air duct. The air duct conducts the air 
that comes out of the absorption column 
down to the air filter. The air duct conducts 
600^m2 air an hour. Because of this 
airflow, the cooling parts are cooled better 
than using outside air. It also protects the 
coolers from fouling (the accumulation of 
unwanted materials on solid surfaces). The 
coolers are not visalbe because they are 
inside the air duct.

5.4 Evaluation
Architecture design: The architecture design 
of concept 1. and concept 2. is different. Table 
5.x compares the two concepts and generates 
guidelines for the next iteration.

 It is not sure if an utterly closed casing is an 
advantage. Because stainless steel parts are 
connected with stainless steel piping, both are 
not sensitive to adverse weather conditions, 
dust, or animals. Only wires and sensors 
might be sensible to this, but they can be 
protected with separate solutions for these 
individual parts.

It is unclear how the placing of the PCB and 
the distribution of wires affects the archi-
tecture design and the cost price of the micro plant. However, it is assumed that 
the choice of the wire distribution and PCB orientation only has a minor effect on 
the final cost price. Therefor a good comparison between the two concepts is not 
possible.

Advantages	of	concept	1 Advantages	of	concept	2 Next	iteration:

Having a structured overview over 
the different subcomponents.

keep the subsystems together, like 
in concept one. This will create over-
view and a more flexible and future 
proof design. However, these 

Having all the maintenance parts 
on the same side allows for an 
easy-to-operating interface. 

Having the coolers in the air duct. subsystems should be on one side 
of the absorption column, to allow 
all the cooling parts to be positioned 
inside the air duct. 

Subsystems might still change in the 
future, and with this design, parts 
can get bigger or smaller without 
changing the basic principles of the 
architecture design. 

Not needing a bracket, resulting in 
fewer parts and, most likely, lower 
costs. 

In the next iteration a bracket will 
not be used.

Attaching parts to a bracket can 
be an advantage because of the 
overview and stiffness. 

Insulation: Concept 1 used the principle of solid insulation and concept 2, the 
principle of insulation flakes.  
Both architecture designs allow placing the insulation parts in the same area. 
Theoretical, this has an advantage over spreading parts that need insulation because 
parts keep each other hot. 
For the next iteration, it is best to place the parts that require insulation close 
together. 

Casing: Both concepts only illustrate the volume of the casing. There is no significant 
difference between the volumes of the casings. It is assumed that the casing of 
concept 1 is more expensive because of the maintenance interface and the coolers 
outside the system. 

Table 5.x Architecture design comparison concept 1 & 2

Concept	1. Concept	3.

Concept	2.

Architecture design
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Concept 2 might require ribs on the inside of the casing to support and structure the 
parts. These ribs might require more costs. 
The initial choice of an injection molded casing for both concepts is questionable 
because injection molding requires substantial investment costs, and the shape of 
both casings can be simple enough to consider other production methods. 
For the next iteration, the casing needs to be redefined.

Maintenance: From the two concepts, it can be concluded that the maintenance 
scenario affects the choice of architecture design and the casing. The insulation is not 
significantly affected by a different maintenance scenario. 

5.5 Concept 3
Architecture design: Concept 3 is an iteration of concept 1 and 2, and an embodiment 
of the results from the maintenance research. Concept 3 does not yet have a detailed 
embodiment of the insulation and the casing. Therefore the focus of concept 3 is an 
architectural design that is used as a starting point for the design of the casing and the 
insulation.

Figure 5.11 illustrates a schematic top view of concept 3.  

• The air filters are underneath, and the absorption column is on the right. T

• he other  DAC parts are placed on the left, together with the AEC parts. They are 
together because both AEC parts and DAC parts need insulation. 

• The MS part that needs the most insulation is placed next to other parts that 
require insulation. 

• The MS is on the back because it would block access to parts that require mainte-
nance on the front. On the back, it is closely connected to the purge and pressure 
relief parts. This results in shorter piping connections.   

Figure 6.2 and 6.3 illustrate architectural design in a simplified way. The colors indicate 
the different subsystems according to the color scheme of figure x.1. The purple part 
is the PCB. These figures do not illustrate the air duct, insulation, sensors, and wiring. 
The figures illustrate that the air filters are a bit apart in the design. It is necessary to 
have space between the air filters and a separation wall between the air filters to 

Figure 5.11 Schematic overview concept 3.

Top-view

Absorption column

PCB

Air  duct

FM

Maintenance

DAC / AEC

Dangerous exits
MS

Figure 5.14 Air duct

Figure 5.13 Architecture design back

Pressure relief and purge parts 
need to be on the opposite side 
of the maintenance, to prevent 
harming maintenance employ-
ees. The back of the FM is also 
the right place for the pressure 
relief parts and the purge parts 
because there is room, and it is a 
centralized place in the design. 

The absorption column is placed 
directly above the air filter that 
sucks in the air.

In between the FM and the AEC 
and DAC, insulation is an air duct. 
This air duct conducts the air 
from the top of the absorption 
column to the air filter out. This 
air duct is in between these 
subsystems because inside the 
air duct, the coolers are placed. 
This configuration allows the DAC 
subsystem and the FM subsystem 
to be close to the air duct. 

n the back of the FM, where 
maintenance does not occur, are 
the purge and the pressure relief 
valves.

Next to the absorption column 
is the FM subsystem. The FM 
subsystem has parts that require 
maintenance, the maintenance 
parts, are placed in front of the 
FM.
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prevent air circulation within the 
micro plant. 
Figure 6.4 illustrates the architecture 
design with the air duct. The air duct 
is grey and positioned according to 
figure x.1 between the FM and the 
AEC and DAC. 
 
Insulation: Figure 6.5 illustrates 
where insulation should be placed. 
The exact thickness and shape 
of the insulation can still change. 
Having the insulation in this part of 
the design also allows the design 
to adjust to new insights. If the 
insulation becomes smaller or bigger, 
this is possible without changing 
the basic argumentation behind the 
architecture design. 
 
Casing: Figure 6.6 illustrates the 
volume of the casing in the context 
of 3 PV solar panels and a solar pole. 
As can be seen, the air filters hang 
underneath and are not covered by 
the casing; this is to allow the wind 
to blow off the dust. The orange part 
on the casing is the cover to access 
the maintenance parts. 
 
Maintenance: Figure x.7 illustrates 
how the maintenance interface looks 
like when removing the maintenance 
cover. Next to the maintenance inter-
face are some maintenance buttons.

Figure 5.17 Maintenance

Figure 5.16 Casing

5.6 Conclusion
Architecture design: The objective was: ‘To integrate all parts optimally.’ The basic 
architecture design, as illustrated in figure 6.1, is an excellent base for further itera-
tions. After evaluating the different subsystems, only a few minor changes in piping 
construction need to be changed, for instance, making a smaller PCB and placing these 
inside the air duct. The architectural design is flexible for changes withing the subsys-
tems. A different architectural design will give problems with getting al the parts in the 
cooler, having insulation parts together, and having maintenance parts together. The 
architectural design is a solid base to add more details about sensors and wiring. 
 
Insulation: A research question was: How do heat and cooling efficiency influence the 
architecture design?  The solution is: parts that require insulation are close together. 
They are positioned at a place where a bit more or less insulation will not majorly 
affect the architectural design. The other solution is coolers in the air duct.

 
Casing: The shape and volume of the casing allow for multiple opportunities. More 
research is needed to define the material, shape, and production method of the 
casing. 
 
Maintenance: It is good that all the parts that require maintenance, except for the 
air filters, are close together. This generates the opportunity for an ergonomic main-
tenance interface. This interface can be safe because hot elements are within the air 
duct, and the purge and pressure reliefs are on the other side of the casing. However, 
more details are needed on how the maintenance should take place precisely and on 
how this should be embodied. 
 
Conclusion:  The architectural design will except for some minor changes that stay as 
concept 3. Insulation and casing will be researched for the next iteration. Maintenance 
will be more detailed.

• The	requirements	of	the	parts,	together	with	their	place	in	the	system	
diagram,	already	give	the	parts	a	position	in	the	architecture	design.

• The	MS,	absorption	column	(part	2),	the	stack	(part	47),	and	the	air	filters	(part	
1	&4)	determine	the	volume	size	of	the	micro	plant.	Changing	the	dimensions	
of	these	parts	almost	immediately	results	in	different	dimensions	of	the	micro	
plant.	Changing	other	parts	will	have	little	to	no	influence	on	architecture	
design.

• Key	drivers	for	the	architecture	design	where:

 ◦ Maintenance parts accesible

 ◦ Coolers	in	the	air	duct

 ◦ Insulation	parts	close	together.

 ◦ Subsystems	close	together

 ◦ Exits	opposite	to	maintenance	parts.

Ke
y 

ta
ke

aw
ay

s



P. 55InsulationP. 54Insulation

6. Insulation

Figure 6.1 gives an overview of the different parts that require insulation. 
Heat is generated by different means. An option in the future can be that heat used for 
the DAC is generated with a solar heater. For now, it is assumed that the micro plant 
generates heat with solar energy. 

Good insulation requires less energy to maintain the desired temperature. 
  

The	main	objective	of	the	insulation	is:	To	minimize	energy	leakage	and	increase	
energy	efficiency. 
 
Some parts exceed temperatures of 200 degrees, while other parts remain around 
temperatures of 90 degrees. Different temperatures require different insulation mate-
rials and thicknesses. One option is to select different insulation materials. The other 
option is to adjust the thickness of the insulation based on the ideal temperature.  
Thermal insulation stops one or more of the three modes of heat transfer: Conduction, 
convection, and radiation. Thermal insulation materials reduce radiation and or 
conduction of heat.

70 oC
230 cm2

70 oC
1800 cm2

90 oC
170 cm2

90 oC
1750 cm2

90 oC
170 cm2

Heat source

6.1 Introduction

6.2 Material selection for thermal insulation

Figure 6.1 Casing configurations part design

For the insulation material, the CapEx cost of the insulation must balance the OpEx 
gain. Factors that contribute to this are:  
1.   	Insulation	efficiency -> Low Thermal conductivity, the density of the material, 
specific heat capacity, the thickness of the isolation material, and the absence of heat 
leaks. 
2.    Price -> price of the material 
3.   	Lifetime -> is the material after 20 years just as efficient as in the beginning? 
Furthermore, the material has to fulfill the following requirements: 
4.    Can withstand temperatures of minus 18 and maximum 300 degrees Celsius. This 

Research	question:	How do heat and cooling efficiency influence insulation?

There are several different ways to apply the stone wool material to the micro plant. 
The selection criteria for the material selection are also relevant for the selection of 
the manufacturing method. Other deciding selection criteria are the manufacturing 
method’s possibility to prevent heat leaks and a tight-fit to the parts. There are differ-
ent manufacturing methods:

• Insulation plates

• Standardized piping

• Milling of stone wool blocks

• Insulation flakes

• Stonewool formed in a mold

• A hot box in combination with different options.

Appendix F3 describes the different manufacturing methods. 
 
Conclusion:	A rule of thumb for the cost-price of the insulation is that the material 

temperature application range is specific for the MS; if a different material is used for 
the AEC and the DAC, the temperature range is different. 
5.    The insulation material has a class A or B resistance	to	fire. 
6.    The insulation fits the mass	production of 100,000 pieces. 
 
The materials are selected from materials proposed in 
the literature (Asdrubali, D’Alessandro, & Schiavoni, 2015; 
Papadopoulos 2005; Schiavoni, Bianchi, & Asdrubali, 2016) 
and CES EduPack software (2019) . The selection of the CES 
materials and the suitable materials in the paper can be found 
in appendix F1. The main conclusion of the analysis from the 
papers and the database is that numerous materials classify as 
insulation material, but only a few materials can handle high 
temperatures. Two materials scored significantly better on 
their ratio between thermal conductivity and cost: Glasswool 
and stone wool. 

An interview with the company InsulationSolutions confirmed 
that glass wool and stone wool could be used for insulation. 
The other options they proposed and the reasoning about 
why these options will not be used can be found in appendix 
F2. Therefore, the choice is to use glass or stone wool. For 
the insulation of piping, it is common to use stone wool. Glass 
wool can lose its density and, therefore, part of its thermal 
properties.

Conclusion: Stone wool will be used as the insulation material 
of the micro plant.

6.3 Production of stone wool insulation

Stone	wool

Other 
materials

Glass	wool

€

€
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itself is only 1/6 of the price. The rest of the 
cost price is the labor needed for the assembly 
of the insulation. Therefore standardized piping 
insulation will not be chosen. 
The best solution is easy to assemble. Fits the 
micro plant perfectly, does not require expen-
sive secondary processes or labor and does not 
require a casing. 
Therefor two solutions will be combined. 
Standard stone wool plates will be placed 
around the insulation parts. Now the parts do 
not have a tight assembly. Therefore the room 
in between the part and the plates will be filled 
with insulation flakes. The advantage of this 
is that it can be done with premanufactured 
materials that are available on the market and 
do not need secondary processes to fit the 
design, except for cutting it at the right size. 
Moreover, it is 
easy and quick to assemble. In this way. All the 
advantages of having loose insulation flakes can 
be used without needing a particular casing.

It is researched if there is another, cheaper possibility to protect the insulation material 
from airflow, water, and animals than a closed casing.  
A brainstorm exposed the options illustrated in figure 6.2  
 

Table 6.1 evaluates the options from the brainstorm. The 
table evaluates the options for three different selection 
criteria: 
1. can the solution withstand 20 years lifetime under high 
UV? 
2. Is the solution suitable for the manufacturing and assem-
bly of 100.000 pieces?  
3. cost price; can it be assumed that the solution is signifi-
cantly cheaper than a casing? 
Selection criteria 1 and 2 are a go/ nogo selection criteria. 
The cost price should be lower than the cost -price of a 
casing,  
Conclusion: It is possible to use agricultural plastic. Based on 
this analysis, the assumption can be made that this will 
be more economical than a casing. 
 

6.4 Insulation protection 

Insulation	protection

Agricultural	plastics 
Cheap, flexible, unsecure lifetime

Plastic	roofing	 
(EPDM,	PVC,	TPO) 

Expensive, high lifetime 

Glass	Reinforced	Aluminium	Foil	
+ tape, already used for insulation 

protection unsecure lifetime

A a simple blow	molded casing with 
a small wall thickness that covers 
the whole micro plant. Like a jerry 

can.

A	protection	‘bag’	with multiple layers, the 
layers could consist of:

Raincoat material, burlap, glasfiber

Unsecure method, lots of design freedom

Figure 6.2 Insulation protection brainstorm

Protection bag Plastic roofing Agricultural plastic Aluminium Blow molded

1. ? ✓ ✓ ? ✓

2. ✓ ✓ ✓ ✓ ?

3. € 20,- € 60,- € 10,- € 20,- € 40,-
Legenda:
?     Unsecure if requirement can be met.
✓ Possible to meet the requirement.

• Stonewool	has	the	best	thermal	properties,	price,	and	durability	compared	to	
other	products.	

• Material	is	significantly	cheap	compared	to	the	assembly	costs.

• There	are	several	ways	to	produce	and	assemble	stone	wool;	important	deci-
sion	drivers	are	the	ease	of	assembly	and	the	prevention	of	heat	leaks.

• The	chosen	method	is	a	box	of	stone	wool	plates	tilled	with	stone	wool	flakes.

• Stone	wool	needs	a	protection	layer;	this	layer	does	not	have	to	be	a	casing.	

• The	protection	layer	can	be	a	simple	layer	of	plastic	or	aluminum.

• The	production/	assembly	of	stone	wool	and	the	protection	layer	requires	
more	research	than	done	within	this	project;	the	choice	was	based	upon	
several	assumptions,
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Insulation	
flakes

Standardized 
piping

Milling	stone	
wool	blocks

Hot	box	
combination

Formed	in	a	
mold

Insulation	
plates

€

€

€

Aluminium 
foil

Casing

Plastic

€

€

Table 6.1 Insulation protection
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7. Casing

The casing needs to protect the micro plant from the desert circumstances. It needs to 
endure a lifetime of 20years and have a low-cost price. 
It needs to be suitable for a batch size of 100.000 pieces. It is desirable to have a 
design that can suit a smaller batch size for the pilot phase. This smaller batch size ls 
estimated to be 1000 pieces. It Is crucial to design for a batch size of 100.000 pieces 
because the ZEF business model is based on the advantage of mass manufacturing 
over building a large installation at once. Mass manufacturing methods have lower 
piece prices when the batch sizes are large compared to other manufacturing 
methods.

Modern PV solar parks have small inverters behind their solar panel to transform 
energy. Inverters are simple products with a PCB, a casing, and connectors to connect 
the inverter to the solar panel.

Figure 7.1 illustrates the inverters of different companies. It is not always visible from 
the image. Which material and production technologies are used to produce the 
invertor. 

An interview with Mastervolt (appendix F2), a company that produces invertors for the 
marine industry, gave insight into the use of sheet metal to tor the casing because of 
production volumes, fast design iterations, heat transfer, and fire resistance. 
 

Invertors need to meet the norms of IEC 62109. There are no IEC norms tor micro 
plants because micro plants do not 
exist yet. However, assumed is that the micro plant needs to follow most rules that 
apply to inverters. Appendix G lists the rules that could be relevant to the design of the 
micro plant. Vital design clues from the analysis are that emergency buttons need to 
be red. Furthermore, Accessible parts can not exceed temperatures of 100 degrees.

The casing can be made with different layouts and production techniques. Figure 7.2 
illustrates three different casing layouts. For this analysis, it is not relevant how the 
layout can be built on the inside, but more how it affects the design of the micro plant 
from the outside. There are three different types of layouts:

• Layout 1: This layout encloses the whole micro plant.

• Layout 2: This layout only creates an air duct.

• Layout 3: This layout contains an air duct and an enclosure for the insulation 
module.

Appendix G.2 lists the pro and cons of the three different layouts. 
 
Wires (figure 7.3): In the car industry, animals gnaw through wires, this is a known 
problem; often done by martens, Assumed is that wires can be protected from animals 
using wire protection 0.10 €/m (A.libaba, 2020) and transit glands with boxes.

Objective: To design a casing that can fulfil its core functions.

Research	questions:

2.  What are the core functions and limitations of the casing?

3.  What are the micro plant properties and the main shape of the casing?

7.1 Introduction
7.3 Layout of the casing

7.2 Benchmark

Figure 7.1 Inverters of different companies. Figure 7.3 Wires protection

Figure 7.2 Casing layouts
1.

Casing

Insulation module

FM module

Absorbtion collumn

Airfilter

Airfilter

Front view2. 3.

Parts

Integration

Embodiment
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Evaluation: A small comparison of hollow parts made with the three different layouts, 
illustrates the differences in the required material. The material that is required can be 
an indication of the end price of the part. For these three layouts, it Is assumed that 
they are hollow on the inside, with 2 mm wall thickness and Polypropylene plastic. A 
larger wall thickness might better suit, but the design is mainly used for compari son. 
Figure 7 .3 illustrates the designs used for comparison. 
The weight of  the layouts is as follows: 

• layout one: 8kg

• layout two: 4 kg 

• Layout three: 6 kg 

If the layouts were designed with a different production technique in mind, the results 
would be different. However, this comparison illustrates that only producing an air duct 
does benefit over producing a fully enclosed casing. The bigger and the more compli-
cated a part will get, the more complicated and expensive it will be to manufacture it. 
 
 

It is best to have the layout of the casing that is as simple as 
possible. Layout 1 is the most complex. Layout 2 or 3 can  only be 
chosen when the following two requirements are fulfilled: 
 
a. According to the IEC norms for inverters, touchable parts are 
allowed to get up to temperatures of 100-C. With the FM tem-
peratures get up to 60Co. So this requirement is met.  
 
b. Parts that are not within a casing should have a lifetime of at 
least 20   
years in a desert environment. Most parts and piping are made  
from stainless steel, assumed is that for these parts, it will not 
be a problem to meet this requirement. The absorption column 
is made of plastic. It is assumed that this part can be designed to 
have a lifetime of over 20years. For the wires and the sensors, it 
is expected that these can also be designed to meet the lifetime 
requirement. This can be done by adding wire protection and 
separate casings for the sensors.  
 
Conclusion: assumed is that all the parts will meet this requirement or can be designed 
to meet this requirement.  
 
Choosing layout 2 over layout 3 is an advantage because layout 2 is assumed to be 
cheaper. After all, it is made with less material. It is also assumed to be easier to make.  
Because the MS is part of the insulation module and is positioned on the back of the 
architecture design; therefore. Layout three will be more complicated to manufacture 
than layout 2. 
To chose layout 2 over layout 3 one requirement should be met: 
The insulation material should maintain its thermal properties for at least 20 years in a 
desert environment.  
  
• Choosing an insulation material that is resistant to this environment. 
• Packing up the insulation material. 
Analysis in §6.4 illustrates that it is possible to have a  layout that does not protect the 
insulation material. Therefor layout number 2 is chosen.

Figure 7.3 Layout casings, part design

7.4 Layout conclusion

€

€

€

1. 2. 3.
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7.5 Casing functions 7.6 Production techniques
This paragraph anwers the question: what are the core functions and limitations of the 
casing?

 
There are some functions that every casing design needs to fulfill. Figure 7.4 illustrates 
the different functions a casing needs to fulfill, having layout number two in mind. The 
different functions that need to be fulfilled by layout two do not necessarily have to be 
fulfilled by one part or one production technique. 
 
 
 

This paragraph answers the question: 
Wich production techniques are suitable for the mass production of a casing for 
100.000 micro plants? 
The challenges are:

1. How to fulfill all the functions from §7.5?

2. How to suit a batch size of 100,000?

3. How to minimize investment risks?

4. How to support iterations?

5. How to minimize CapEx costs?

Table 7.1 illustrates different production techniques. The different techniques have a 
brief description of how suitable the production technique Is for the micro plant. The 
techniques are evaluated on how they can solve the challenges; this is done with an 
educated guess indicated with colors. 
 
Conclusion: From the table, it can be concluded that rotomolding, 
sheet metal stamping, and thermoforming are not suitable for 
designing the micro plant. To further evaluate the four leftover 
production techniques, four basic concepts are generated in § 7. 
7 till 
§7.10. 
 
 

The casing needs to be 
assembled to the racking/ 
pole sustem of the PV solar 
panels.

Enough space for all the 
parts and acces to the 
maintenance parts.

The PCB will be attached 
on the inside of the air 
duct.

The airfilters need to be 
assembled towards the 
casing.

Air needs to be able to 
travel from the airfilter in 
to the absorbtion collumn, 
without creating airleaks.

Air duct with coolers

Parts and subassemblies will be 
attached to casing.

Enough room for insulation 
material.

The air needs to go the airfilter 
out. And a hole in the casing so 
the air can go into the airfilter 
out.

Seperation wall to prevent 
circulation of air within the micro 
plant.

Process                                                                                                     Challenges -> 1 2 3 4 5

Injection	molding:		Large injection mold parts require high investment costs. 
Multiple parts will be needed to fulfill all the functions.

Extrusion	blow	molding:	This process can create hollow parts. It is suitable 
for large products and large production volumes.

Rotomolding: Rotomolding creates hollow plastic parts, like extrusion blow 
molding. The investment costs are way lower, but for this batch size, it is not 
suitable. For a smaller pilot batch, it could be useful.

Sheet metal bending: Inverters also use sheet metal. It is used for numerous 
applications and can be suitable for the micro plant. However, metal is a 
precious material, and many secondary processes are needed to complete 
the part.

Sheet metal stamping: Widely used in the car industry. Not commonly used 
to create hollow parts and not commonly used as the main stiff structure in a 
product. It cannot fulfill enough of the functions to be used in the design.

SMC: Similar to injection molding. Stronger parts. Usually, a bit more 
expensive.

Thermoforming:	Can not create hollow parts. Cheap process. It can not 
deliver the stiffness or the hollow part for the air duct. Therefore it will not 
be used.

Excellent

Good

Average

Bad

Legenda:
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Table 7.4 Concept 3 details

Table 7.5 Concept 4 details

Figure 7.6 CAD model

7.9 Concept 3.

Investment costs secundairy 
processes

Assembly

Injection 
molding

€ 1,000,000 mold
SMC 2 €/kg
10 Kg SMC
€ 20 material
€ 20 Process costs
Total:  € 40

Attachment 
between two 

parts.

1. Coolers in 
airduct
2. Close airduct
3. Attach parts 
to airduct.

The SMC design is quite similar to the injection mold 
design. Except for that SMC is a stronger material and 
therfor SMC requires less ribs. The mold costs are 
similar to the injection molding. Secondairy processes 
and assembly are also similar.

Figure 7.7 Sketch concept 3.

7.10 Concept 4.

Investment 
cost

Need for 
secundairy 
processes

Assembly

Sheet 
metal

€ 60 (Sophia 
software)

Close open-
ings to create 

a leaktight 
airduct.

1. Coolers in airduct
2. Close airduct
3. Attach parts to 
airduct.

The structure and the air 
duct is made out of sheet 
metal.

Figure 7.8 Sketch concept 4.

2 Injection molded parts that form the 
air duct and the structure. The invest-
ment costs are based on information 
from and interview with HSV (2020). 
The weigt of the product is obtained 
from a CAD model. The assumption is 
made that the process costs equals the 
material costs.

Investment cost Secundairy 
processes

Assembly

Blow 
molding

50.000 € mold
8 kg PP
1.5 €/kg
12 € pp
12 € process
total: € 24,50

Pipeline 
holes

Airduct holes
Metal frame 
production

1. Coolers in 
airduct
2. Join airduct
3. Attach metal 
frame 
4. Attach 
subassemblies to 
metal frame.Metal 

frame
€ 15

Table 7.2 Concept 1 details

Table 7.3 Concept 2 details

7.7 Concept 1.

7.8 Concept 2.

Investment cost secundairy 
processes

Assembly

Injection 
molding

€ 1,000,000 mold
PP 1.5 €/kg
10 kg PP. 
€ 15 material
€ 15 Process costs
Total  € 35

Attachment 
between 

two parts.

1. Coolers in air 
duct
2. Close air duct
3. Attach parts to 
air duct.

Figure 7.5 Sketch concept 1.

Figure 7.6 Sketch concept 2.

Figure 7.6 CAD model

Appendix G2 sums up all the pro and cons of the following 4 concepts.

All the illustrations are a rough sketch of how the concept can look like , indicated in 
red without roundings. Calculations are made for a batch size of 100,000.

Note: all the cost prices in this report are estimates often based on an educated 
guess.  The goal of the prices is not to accurately calculate the cost price, but to 
estimate an order of magnitude that can guide design decisions.

Blow molded air duct with metal frame, blow molded air duct conly conducts the 
air, the metal frame fullfills the other functions. The blow molded air duct is made 
out of 2 parts that should be joined. The investment costs are 
estimations based on average plastic price of PP the weight of 
a CAD model and the assumption that the process and other 
costs equals the plastic price.  The metal frame price is an 
estimation based on the assumption that the price will be 1/4 
concept 4.
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7.11 Evaluation

€

Selection	criteria	1:	Environmental	impact 
After a lifetime of 20 years, it needs to be possible to recycle the air duct/ 
casing. Otherwise, ZEF, creating sustainable energy, will end up with 100,000 pieces 
of non-recyclable parts. Assume this part was 10 kg, ZEF would end with a million kg 
of non-recyclable material. 
Concept 1 and 2 use plastic; this can be recycled if a plastic without additives is used. 
Additives like glass can increase the stiffness of a product; other additives can make 
the product more UV resistant.  
Concept 3 uses SMC; this is a composite material that can only be downcycled. 
Therefore this material and production method will not be used. Concept 1 and 
concept 4 use metal, metal can be recycled. 
 
Selection	criteria	2:	functionality;	How	to	fulfill	all	the	functions	from	§7.5?	  
The concept should be able to fulfill the functions as described in §7.5. The essential 
functions are the transportation of air and adding structure to the design. 
Concept 1: The blow-molded part can fulfill 1he function of transporting air. The 
metal part can fulfill the function of providing structure. 
Concept 2.: The injection molded part is well suitable for the transport of air. Because 
it is not possible to use glass-filled plastic, it is not sure if an injection part alone can 
fulfill the structural function of the air duct/ casing. Because this can be a bottleneck 
in the design, it is advised not to use injection molding. 
Concept 4.: The metal frame is suitable to structure the micro plant parts. The metal 
frame needs secondary processes like closing the seams to leak-tight the air duct. 
 
Selection	criteria	3:	Part	cost	price	and	investment	costs. 
Most part prices are quite similar. 
Concept 1: The metal frame does not require significant investment costs. The 
investment cost of the mold is assumed between S0.000 and 100.000 €. This is 10% 
of the investment cost of an injection mold. In a batch size of 100.000 items, this is 1 
euro per item. 
Concept 2. The investment costs of an injection mold and the risk is high. If other 
alternatives do not involve this risk, this is a better option. Therefore it is not advised 
to use injection molding for the casing. 
Concept 4: There are no significant investment costs. However, the part price of a 
metal air duct is assumed to be higher than other concepts.

 
Table 7.6 summarizes the findings from the evaluation.

Concept 1 will be chosen to elaborate on further. Expected is that it is the most 
inexpensive concept because it is a hybrid solution for each functionality. The blow-
molded air duct is expected to be the cheapest way to make an air duct, sheet metal 
or injection molding is expensive. A blow-molded airshaft also better fulfills the 
function than a sheet metal air duct where many openings still need to be closed. 
The metal frame provides the structure; this is more suitable for this function than a 
virgin plastic part that might deform under high temperatures and a heavy load over 
a long time. 
 

7.12 Conclusion 

• A	closed	casing	is	not	required.	

• An	open	structure	is	supposed	to	be	cheaper	than	a	closed	casing.

• The	most	important	functions	of	the	casing	are:

 ◦ Transporting	air

 ◦ Creating	structure

• Options	for	the	casing	are:	Blow	molding	with	metal	frame,	injection	molding,	
SMC,	sheet	metal.

• Important	desision	drivers	where:	sustainability;	can	the	material	be	recy-
cled	after	its	lifetime,	feasibility	of	function	fullfillment	and	costprice	versus	
investment	price.

• It	is	assumed	that	a	solution	with	a	blow	molded	air	duct	and	a	metal	frame	
will	best	fullfill	the	most	important	functions	for	the	lowest	cost	price,	without	
the	risk	of	making	a	big	investment.
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Sheet metal 
stamp

Thermo-

forming

Injection	
molding

SMC

Sheet metal 
bend

Blow	molding

Injection	
molding

SMC

Blow	molding	
&	frame

Sheet 
metal

€

€

Recyclable Stifness Flexibility to 
change design

Investment 
cost

Part price

Concept 1 Yes High Average Average Lowest

Concept 2 Yes Low Low High Average

Concept 3 No Average Low High Average

Concept 4 Yes Average High Low Higest

Table 7.6 Concepts evaluation
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8.1 Introduction
The next few parapraghs descripe the final design of the micro plant. The design of 
the blow molded air duct, the frame, the assembly and the way that the product 
is transported. This design is the conclusion that derives from the considerations 
towards an embodiment design of the micro plant. This design is not ready to get 
produced like this. This design is the starting point that illustrates the questions that 
should be asked when designing the micro plant.

8. Final design

§ 8.3 Frame

§ 8.2 Blow molded air duct

§ 8.4 Assembly

§ 8.5 Transport

Figure 8.1 Sketch concept 2.

8.2 Blow molded airshaft
Material: Almost all commodity plastics can be used in the blow molding process. 
Zuiderplastics advises two different materials. 
- HDPE or PP 
HPDE is more expensive but has more excellent wheater resistance than PP. HDPE has 
a more stable availability of the material than PP. 
Additives: Additives that make the material unrecyclable can not be used. Carbon black 
is the most common additive to use as a UV protector. Carbon black 
is also a cheap and recyclable additive. 
The purity of the material: in the airshaft’s production process, 
waste material will be produced. This material can be recycled into 
new airshafts or treaded as waste. Making an airshaft from 100% 
virgin material has the advantage of better product and recycling 
properties;  because the carbon chains get shorter each time the 
material is reused. The disadvantage is high material costs.

 
Conclusion:  HDPE with carbon black will be used. Advised is to 
make a design that has a minimum of waste so the waste can be 
recycled into the production process of blow molding. 
 
Production	process: There are different ways to produce blow mold parts.

1. The most conventional way: This method is illustrated in figure 8.2. Extrusion blow 
molding is done with a parison (a hollow tube, usually round but with larger batch 
sizes it is also possible to make a profiled extrusion head) extruded from the top. 
It is possible to adjust the thickness of the tube over its length by controlling the 
extrusion head. After the extrusion, a mold encloses the parison. The mold clamps 
the desired shape. This clamp will create a weld seam at the places where the 
plastic is pressed together. A needle enters (usually from the bottom but in the 
illustration from the top) and blows the plastic toward the mold’s surfaces. The 
product is cooled and extruded from the mold. The waste material will be cut, and 
optional secondary processes that fit within the cycle time can be done. Cutting 

Figure 8.2 Extrusion blow molding advice (Alleych, n.d.)

PP

HDPE

€

€
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of the leftover material can be done with a punch or cut off with a knife. Figure 
8.3 illustrates a product before the waste material was removed. Punching gives 
sharp edges; cutting does not leave sharp edges. Punching can be automated; 
cutting can not be automated.

2. An alternative way to create a product with a curve is when the parison can be 
cut from the extrusion head and laid into a mold with a particular bend. After 
closing the mold, a needle enters to blow mold the product. An advantage here 
is that a curve can be made without creating a residual flap. It leaves the parison 
intact without creating a weld seam between two sides of 
the parison. A disadvantage is that it makes the process more 
complicated and expensive. Figure 8.4 is an illustration of a 
product made with this type of production method.

3. In the automotive industry, the extruded parison is sucked into 
a mold of a particular shape. This allows for faster cycle times 
and gives the same type of results as with production process 
two.

Conclusion: Number one because it is a more straightforward 
production process and because it is accepted to have a weld 
seam. It is also a significant volume product to handle using 
production process two, only possible when this process is auto-
mated. Production process one also leaves flap that can be used to 
attach other parts too. It is also not possible or needed to create 
the whole airshaft in one final part, because it needs to be opened 
for the assembly of coolers.

 
Design guidelines (figure 8.5):

Figure 8.5 illustrates guidelines for the design of a blow molded part. The guidelines 
are further explained in appendix H.1

Conclusion: Figure 8.6, 8.7 and 8.8 illustrate the air duct design.

Figure 8.3 Before cutting Figure 8.4 Curved

Curved	
extrusion	

blow	molding

Conventional	
extrusion	

blow	molding

Sucked 
extrusion	

blow	molding

€

€

€

Cost	price

• Mold: With blow molding, the mold can be made from aluminum and is usually 
ten times cheaper than an injection mold. The assumed cost of this mold is 
€60.000. The mold price is affected by the material, size, and complexity of the 
mold. It also costs money to maintain a mold.

• Material: The price of HDPE is dependent on the oil price. the price usually 
ranges from € 1.20 to € 1.80. € 1.50 is a good average to use in cost price 
calculations.

• Transport: If the blow mold machine is not in the same building as the 
assembly line, the airshaft needs to be transported to the assembly line. Both 
Zuiderplastics and Dr. Ir. Tempelman pointed out that transport is often a high 
overlooked cost.

• Machine	costs: within the machine hour price, there are among others: wages 
for one man operating the machine, depreciation of the machine, power usage, 
and maintenance of the machine. The machine costs within zuiderplastics vary 
from 25 to 60 euros per hour. A machine can usually make 20 to 90 products an 
hour. It is assumed that the airshaft is made with a large, expensive machine.

• Secondary	processes: All the secondary processes that can be done within the 
cycle time by the woman operating the machine are covered within the machine 
costs and thus free. The secondary processes are punching, drilling holes for the 
pipes, the air filter, and the air fan. It is assumed that punching and drilling holes 
for the air filters and air fan can be made within the cycle time. The holes for the 
pipes need to be done in post processes. It is assumed that one man can do 30 
air ducts an hour.  If more elaborate machines like CNC cutting is used, than more 
expensive machine costs are calculated. Not all companies want to do manual 
secondary processes; some will create a fully automated production line, using 
robots. For the production of 100,000 pieces, this is the most realistic scenario. 
For a pilot, manual labor is realistic.

Figure 8.5 Design guidelines

1. Sphere design 2. Wall thickess 3. Small parison

4. No undercuts 5. Variable weld seam 6. one mold cavity 7. Flap as func�on
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• Overhead	costs: a blow mold company needs to cover its costs for among other 
things: housing, offices, and services. These costs vary from 15 to 30% extra 
costs. It is common to do 20 to 25% extra.

• Profit	of	the	blow	mold	company:	The blow mold company uses a profit margin 
of, on average, 17%. However, some markets use a profit margin of 6%. This will 
be depended on the type of blow molder ZEF will cooperate with.

 
Conclusion: The cost price is calculated to be 16 euro per airshaft (figure 8.9 and 
table 8.1). The calculation spreadsheet can be found in the appendix fixme. Figure 
fixme illustrates the costs per category. 
 
 

Figure 8.8 Air duct designFigure 8.7 Air duct context

Figure 8.6 Blow molding parison
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Figure 8.9 Cost price

Table 8.1 Cost price
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8.3 Frame
The function of the frame is a base where all the parts can be attached to as well as 
attaching the whole micro plant to the rack system of the PV solar farm. The frame 
is the backbone, stiffness, and structure of the design. Figure 8.11  and table 8.2 
illustrates the loads that the frame needs to endure. The weights are estimates based 
on data from the CAD file. The weight of the frame is 5kg resulting in the total weight 
for the micro plant of 80 kg.

 
Shape:  
There are different ways to make a metal frame:

• Sheet metal frame

• Round pipes

• square pipes

• H profiled beams

• Cast iron

A benchmark of products that use a metal 
frame (figure 8.10) for construction points 
out that round pipes are most commonly 
used to create a cheap and stiff construc-
tion. Round pipes can, among other things, 
be found in bikes, furniture, and scaffold-
ing. 

Figure 8.10 Benchmark products with a metal frame
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Square pipes can, among other things, also be seen in furniture and ladders. Sheet 
metal frames can be seen in small products that do not require a heavy load, H 
profiled beams can often be seen in massive building constructions. 
Conclusion: round scaffolding pipes will be used for the construction of the micro 
plant.

Material: The metal needs to be recyclable and be able to maintain 20 years lifetime. 
It is nice to use piping that is commonly available in the market, as well in diameter 
size as in material. Pipes are offered in steel and aluminum. Aluminium is lighter and 
more comfortable to mold. On the other hand, steel is stronger and cheaper. Bike 

Aluminium

Steel

frames are, for example, offered in both aluminum and steel. It is hard to weld steel 
to aluminum and vice versa. Because most of the parts in the micro plant are made 
from steel, the pipes will also be made from steel. 
 
Steel wire ropes: Piping is thick and requires space. Steel wire ropes are extremely 
strong, but they are not stiff. At places where only strength is needed, steel wires will 
be used. Steel wires are cheaper, easy to assemble, small and strong. 

Figure 8.11 Loads

Table 8.2 Loads

4

3

1

2

5

6

7

number Subassembly Weight (kg)

1 Airfilter 0.5*2=1

2 Airduct and coolers assembly 8

3 FM assembly 20

4 Absorbtion collumn assembly 20

5 Desorbtion assembly 5

6 AEC assembly 11

7 MS assembly 10

Total 75
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Conclusion: steel

 
Attachment	to	the	PV	solar	panel	racks: The micro plant can be attached to vertical, 
horizontal, or both beams of the rack. The place where the micro plant is attached to 
influences the design (figure 8.12).

1. Vertical	beam: the vertical beam is the most obvious choice since invertors and 
previous designs of the micro plant were all attached to this vertical beam. If the 
micro plant will be attached to the vertical beam, it is best to have it attached at 
two places—attachment to the vertical beam results in bending forces. Particular 
attention should be paid to the stiffness of the construction.

2. Horizontal	beam: Assumed is that the farm also has vertical beams. There is a 
10% chance that these horizontal beams do not exist; this could be when using 
tracking PV solar panels. Haning the micro plant creates a pulling force instead of 
a bending force. Hanging the micro plant can be interesting because it requires 
less metal for the stiffness of the construction. Haning the micro plant can also 
be attractive for the assembly of micro plants on the farm.

3. Both	beams: If the micro plant is hanged, it is a hinge, not a fixed connection. If 
the micro plant would be attached to both the horizontal beam and the vertical 
beam, it can use the advantages of both options. Having the force distribution of 
the horizontal beam and preventing the hinge using the vertical beam.

Conclusion:	using both beams for the construction. 
 
The	shape	of	the	construction: The goal is to create the optimal necessary stiffness 

Figure 8.12 Shape of the construction

Figure 8.13 Final design frame - close up Figure 8.14 Final design frame - front view

with the least amount of steel piping necessary. To minimize steel 
piping subassemblies are hanged to the construction on top using 
steel wires. The construction on top is a triangle construction with 
pipes connecting both sides for the steel wires’ attachment. A 
triangular shape is chosen because this is the stiffest construction 
one can get. An example of a product with a similar shape and 
function is a clothes hanger; this product also needs to be stiff 
and be made with the least amount of material to handle similar 
loads, although from different sizes. The triangle is similar in size 
on every length. This length is for assembly and manufacturing 
purposes. 
The steel cables are connected to the frame with cable clamps.  
The frame is connected to the rack using metal hose clamps. 
Figure 8.13 and 8.14 illustrate the final design of the frame.

Price	of	the	frame:  For a rough indication of the price of one 
frame, a calculation is made in table 8.3. 

4 m pipe 1.50*4 = € 6

Welding costs € 2

Metal cables and clamps € 4

Attachment to rack 2 metal hose clamps € 2

Total	cost € 14

Table 8.3 Cost price metal frame
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8.4 Assembly

Assembly guidelines: For the assembly of the micro plant, some basic design guide-
lines and their implementation for the assembly of the micro plant are formulated in 
Appendix H.2. and illustrated in figure 8.15 
 
Connections	between	parts	and	piping:	All 
the parts need to be assembled using 6mm 
stainless steel piping. These piping needs to 
be connected. There are several ways to do 
this:

• Mechanical connection

• Soldering

• Glue

• Arc welding (plasma, TIG, MIG, laser)

Conclusion: The connection between 
the pipes and the parts can permanent. 
Requirements are:

• The connection can handle a force of 50 Barr.

• The connection is always leak-tight. 

Arc welding is an obvious choice to use for subassemblies. However, arc welding 
happens at temperatures that will harm the operation of sensors and destroys 
plastics. Only parts that are entirely made out of hot resistant materials (>800 oC) 
can be welded. However, advised is to stick to one fastening method. Expected is that 
a mechanical connection is most expensive since this requires fasteners. The other 
two options are soldering and glue. For now, assumed is that glue will be used for the 
connections that can not be welded. 

Subassemblies: guideline one teaches first to make subassemblies in a parallel 
way and then, in the end, assemble the subassemblies into one final assembly. 

Figure 8.15 Assembly guidelines

1. Parallel i/o linear 2. One loca�on 3. Within the cycle �me

4. Universal fastening mothod 5. Assembly line 6. Tes�ng
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Mechanical 
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€

Figure 8.16 Assembly tree

Subassemblies are composed of parts that are required to be together because of 
the piping connections between them because of their place in the architecture 
design and because of testing the subassembly. Designing the product for assembly 
required some changes in the architecture design.

Figure 8.16 illustrates the assembly tree. All the numbers have corresponding parts 
(appendix C). The assembly tree does not illustrate when parts get their piping 
connections. 

Figure 8.17 illustrates the assembly with their rendered parts. This illustration shows 
how the subassemblies are one stiff part before they get together in the larger 
assembly. 
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Figure 8.17 Assembly (sub) parts

8.5 Transport
Transport	requirements:	

• The whole construction needs to be stiff for transport in a container to the farm 
location. 

• The construction needs to be stiff for transport from the container to its operating 
location. 

Assumed is that transportation within the farm is done with small vehicles like a forklift 
or a small tractor. Assumed is that during transport, the air filters are compressed in 
size (figure 8.18). 
 
Costs: Transport costs money. When the micro plants are shipped from Europe to the 
location where the farm is built, this requires money. 

Transport within europe from A to B with a truck € 700

Pallets per container 33

Micro plants per pallet (figure 8.19) 2

Transport costs per micro plant within europe €10.60

€10.60 is significant money per micro plant (table 8.4). This price is probably higher 
when the shipment needs to be outside of Europe. Therefore it is advised to check if 
and how more micro plants can fit on one euro pallet. Sizing could, for example, be 
done by reducing the size of volume determining parts, these are significantly signifi-
cant parts, so their size determines the volume of the product (MS, stack & absorption 
column)

 
Transport	packaging:	During transport, the product is most likely packed to prevent 
harming the product. 

Table 8.4 transportation costs within europe

Figure 8.18 Reduced air filtersFigure 8.19 Amount of micro plants fitting on a pallet
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8.6 Conclusion

• The	blow-molded	air	duct	can	also	be	used	to	attach	parts	too.

• Hollow	steel	pipes	are	used	for	the	frame,	based	on	a	benchmark	analysis.

• Assembly	to	the	rack	system	of	the	PV	solar	panels	is	both	to	vertical	and	hori-
zontal	beams,	to	prevent	momentum	and	use	the	benefits	of	tensile	strength.

• Attachment	of	parts	to	the	frame	is	done	with	steel	wires.

• Assembly	influences	the	architecture	design.	The	next	designer	should	take	
assembly	already	into	account	when	considering	architecture	design.

• Transport	is	a	high	cost.	Reducing	the	size	of	some	large	parts	could	result	in	
fitting	more	than	two	micro	plants	on	one	euro	pallet.

• Transport	influences	the	stiffness	the	design	needs	to	have	in	different	direc-
tions;	it	needs	to	be	stiff	from	all	sights.

Ke
y 

ta
ke

aw
ay

s

Figure 8.20 Conclusion embodiment design

Metal frame from round hollow pipes. Attachment to both 
the vertical beam and the horizontal beam of the rack.

Blow molded air duct.

Assembly changes the architecture design. Subassemblies 
are stiff by itself. Piping is connected with welding or glue. 

Transport is expensive, design to fit more micro plants on 
one pallet reduces the size.

This conclusion fulfills the objective: ‘‘To design 
a casing that can fulfill its core functions.’’ and 
answers the research question: What are the micro 
plant properties and the main shape of the casing?

Figure 8.20 illustrates the conclusion.

9. Discussion
9.1 Product level
Program	of	requirements:	A full evaluation of the existing program of requirements 
can be found in appendix fixme. Main takeaways are formed using the four design 
drivers:

	 Cost: 
Assemed cost per kilo of products 10 €/kg

Weight of the micro plant 80 kg

Micro plant cost price €800

Micro plant price per PV solar panel €150 

Amount of solar panels 3

Total planned price of the solar panel €450

Difference € -350

The micro plant is € 350 more expensive than planned. This cost price means that the 
micro plant should be designed cheaper, be designed for a bigger number of solar 
panels, or the micro plant is not feasible.

Sustainability: Two major evaluation points:

- 20 years lifetime

A 20 years lifetime under hot desert circumstances is hard to evaluate. Assumed is 
that all the stainless steel parts can easily withstand the environmental conditions. All 
plastics parts will be black using carbon black, this will minimize the UV impact on the 
material, without changing its recyclability. Another consideration in the design of the 
micro plant is the impact of transport on the plant. Especially connections between 
parts need to be 100% leak-tight, before and after transport. This is a new require-
ment learned from § 8.5. Advised is to test the micro plant prototype in a weather 
simulator before starting with the investments required for mass production.

- End of life scenario

If a farm is written off after 20 years, there are fixme micro plants with valuable 
materials. These materials should be recycled. Therefore it is essential to: 
Use recyclable materials 
They are easing the process of sorting materials by minimizing the number of materi-
als used in the design and allow for disassembly. 
Report on the materials and how to disassemble them.

€
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Absorption	column: the absorption column fulfills more functions 
in the design than its core function. The flexibility in size and 
shape of this part has a significant influence on the total design of 
the micro plant. More research should be done on the feasibility 
of adding these extra functions.

Assembly: the research only touches the surface of the assembly. 
Research is needed to prove the feasibility of the design in detail. 
Assembly has already proven to be of significant influence on the 
design.

Insulation: Stone wool is a feasible solution, but the production 
technique of the part requires research. The protection layer is 
assumed to last for 20 years in the desert, and this must last and 
is not proven at this point.

Frame: The optimal shape of the frame is too insecure at this 
point. This design needs optimization. A benchmark proves the 
feasibility of a metal frame.

Air duct: The design of the air duct is still quite conceptual. 
The design requires more engineering to make it feasible for 
production. This design illustrates what functions the part should 
have and how this can be embodied. 

Maintenance: the basic principles of the maintenance are feasi-
ble: on place, predetermined, planned maintenance. Parts are not 
designed yet with the end product’s maintenance; the feasibility 
of this maintenance requires proof.

Figure 9.1 Technique evaluation

Flexibility: The design must fit with the growth strategy of ZEF. Meaning that: 
Does the investment allow for easy iteration? 
Does the design allow changes on a part level? 
This is done by choosing production methods that do not require high investments 
and design guidelines that stay relevant in a changing context.

 
Functionality:	The design is feasible when the design fits the mass production of 
100,000 pieces, including assembly and transportation.  
The design of the micro plant is evaluated in figure 9.1.

 
Existing	technique	of	the	micro	plant: 
The design must fit the technique, but it should also fit the mass production and 
farm realization. Therefor a step by step guideline is created that can be used by ZEF 
when engineers need to design the parts of the micro plant for the next TRL levels. 
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9.2 Organizational level
ZEF:It was a positive experience working as a designer within ZEF. It is essential to 
know where to obtain the right information. It is challenging that technology keeps 
changing, and things are based upon assumptions. Therefore it is essential to set a 
fixed scope at a particular moment in the process.  
Sometimes it is hard to communicate with stakeholders because there is little conti-
nuity within the team and the project. This can make it harder to keep stakeholders 
in the loop after having the first contact. On the other hand, this means an innovative 
environment with fast-developing new technologies.  
 
Designer	approach:The most critical challenges of this project for a designer can be 
summarized by the constrains triangle (figure 9.2). Many design decisions are still 
based upon assumptions. If the product’s quality needs to be higher, this requires 
more time and/or cost. This project worked with a broad scope, little time, and little 
money resulting in a result that lacks the quality of an end product. The learning 
point is: have a clear goal, scope, and prioritize to avoid losing time digging into 
rabbit holes. 
 
Maintenance research took much time while getting to the same conclusion would 
also have been possible with less in-depth research. This is because al the research 
was too much based on assumptions to use direct outcomes. The learning point is: 
Always look where to go and take the shortest path to get there. 
 
Architecture design was done with physical foam blocks to search for the ideal shape 
and orientation of the parts. This process started before the COVID-19 outbreak; 
others had the change to give input as well. The team could have been more involved 
in the designing process by organizing more group sessions with the whole team. The 
learning point is: try to involve the team as much as possible in the design process. 
 
Assembly was taken into account in a late stage of the design process. Assembly still 
influenced the architecture design. It was better to already take this into account in 
the invention of the architecture design. Now the assembly is based upon too many 
assumptions. The learning point: Identify effects that could influence the design early 
and incorporate these effects from the beginning. 
 
Reporting was done from the beginning; however, in the beginning, everything that 
was reported instead of only reporting what is relevant for the reader. The learning 
point: safe time by being smart what to report and what not to report. 
 
During the process, there was much contact with manufacturing stakeholders. 
Talking to people with expertise had proven to be a quicker and more effective way 
of obtaining information and feedback than searching for information on the internet 
or in papers. Sometimes this was a visit to a company or a phone call. The learning 
point: Always communicate with experts from an early stage. 
 
From this project, it became clear that often value was not just in the design but in 
the considerations that led to the design. Learning point: It is important to make 

considerations insightful. 
 
Sometimes I jumped to a CAD model early, while a simple sketch would have been 
enough communication. A CAD model requires way more time than a sketch. The 
Learning point: always work with a minimal viable product to allow for quick design 
iterations. 
 
This project was executed during the Covid-19 outbreak. Homeworking brought 
challenges concerning communication, motivation, and planning. Learning point: for 
me, working in a work environment benefits the result of a project. 
 
Future steps: This design is highly conceptual and not finished to get to production. 
However, the design is a starting point for the full integration of technology, collabo-
ration with companies, and a better understanding of the challenges that are still too 
come. To ensure continuity of the project, general planning for the product design is 
illustrated in figure 9.3. 
 
Influence	on	the	technology:	The technology of the micro plant was integrated into 
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Figure 9.3 Future planning
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this project. Lots of technology parts were not designed in full detail and for mass 
production yet. When the technology parts are designed for mass production, the 
engineers must know its influence in its broader context. Therefor a step by step 
design guidelines for engineers has been developed (figure 9.4). The engineers have 
to start on all the dark blue boxes. 
 
Goal:	It was essential to guide ZEF towards an embodiment design. Guiding is done 
by illustrating the design options. To explicate, this guiding an overview of the design 
options and the main design drivers that influenced their choice has been provided in 
figure 9.5. 

Stakeholders: during the project, multiple companies were contacted for advice. 
Some contact did not result in anything, other contacts, turned into company visits, 
where numerous insights were obtained. For the next projects, it is advised to use 
the same contacts. In this way, ZEF can maintain lasting relationships with companies, 
resulting in fruitful collaborations. The contact information can be found in appendix 
I.
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Methanol dealers: Methanol dealers want to buy cheap methanol. Methanol dealers 
are less likely to buy the methanol if it is more expensive than methanol produced 
by big plants (figure 2.2.3). Methanol dealers might show an increased interest if the 
methanol can be certified as ‘green’.

Media: It is assumed that the media will expect a micro plant that looks like it is going 
to be good for the environment. It should therefore appear different compared to 
the current oil/methanol production plants. Media can play a role in selling the micro 
plant, government attitude, and environmental organizations’ reaction.

Research and development (R&D): The research and development is presently 
carried out by by students (interns and graduate students), external parties, and the 
management at ZEF. The research and development is an ongoing process and not 
finished yet. A visual representation of the micro plant could give students a vision 
of the end micro plant. R&D provides information about the technology level of the 
micro plant. 

A. Exploration

A.1 Stakeholders

Appendix

Methanol from sunlight 
and air: A guide towards 

the embodiment design of 
the micro plant
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B.1 The micro plant

B.2 Maintenance

B. Program of requirements

The micro plant should contain all parts described in appendix C. [2.1]

The parts should be connected using 6mm diameter tubes as illustrated in figure A.1. 
[2.1]

The micro plant should be attached to the PV solar panel rack (it is assumed that this 
will be a vertical beam). [2.1]

The lifetime of the micro plant should be at least 20 years, taking into account that it 
gets on average maximal 52h maintenance per micro plant per year, with an accept-
able failure rate of 2% over 20 years. [2.1]

The noise created by the micro plant cannot exceed 80 decibel [2.2]

When the micro plant stops working a signal should alert a maintenance employee of 
its malfunctioning. [2.6]

It should be possible to swap (detach the broken micro plant and install a new micro 
plant) a complete micro plant within 30 minutes with the help of 2 maintenance 
workers. [2.6]

 
The maintenance work of the micro plant should be easy to do by a maintenance 
employee. The parts that require maintenance should be easily accessible and the 
micro plant should be at a height accessible without extra support. [A1][2.6]

Safety: Maintenance work done by maintenance employees should not involve high 
risks, parts with high internal pressure should not be easy to disassemble for main-
tenance employee workers. The maintenance employee should not be stimulated to 
open other parts of the micro plant other than the parts that need maintenance.[2.2]

The micro plant should have the possibility to be disassembled by trained repair 
employees for repair and analysis purposes. [2.6]

 
It should be possible to manual power of the micro plant. 
The micro plant should be operatable by maintenance employees, after following a 
training.

 
Parts that are hotter than 60 degrees should be indicated or protected, so that 

B.3 Environment

B.4 Production

The micro plant should be able to withstand temperatures of maximum 50 degree 
Celsius and minus 18 degree Celsius. [2.4]

The micro plant should be able to withstand rainfall and hail of 1 millilitre per minute. 
[2.4]

The micro plant should be able to withstand the wind that exceeds speeds of 100 
km/h. [2.4]

The micro plant should withstand sandstorms. [2.4]

The embodiment of the micro plant should avoid dust from affecting its functionality. 
[2.4]

The micro plant should be able to coexist with the reptiles, small mammals, birds and 
insects that live in the desert. Big Mammals are assumed to be avoided with fences. 
[2.4]

The exact composition of all materials in the micro plant should be documented and if 
possible indicated in the micro plant for end of life purposes.

The micro plant should be produced reliably and economically.  
 
The final embodiment and architecture design should be suitable for the production of 
micro plants the first 7 years after the realisation of the first farm. [2.5] 
 
The parts of the micro plant should fit a batch size of over 40.000 micro plants. [2.5] 
 
After assembly, before usage in the desert, every micro plant should be safe to use and 
be able to pass a test in a controlled environment (this might happen with every micro 
plant or at random). [2.5] 

maintenance employees are discouraged or unable to touch those parts(ASTM C1055-
03. 2014). 

 
It should be possible to transport a detached micro plant, for repair and analysis 
purposes. 

B.5 Cost

The micro plant should be able to produce methanol for around 150 euro per PV solar 
panel equivalent.
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E.1 Morphological chart

E. Architecture design

Table E.1 Morphological chart
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2. Insulation 
For insulation, there is chosen to have solid insulation. Vacuum insulation is almost 
impossible because of the piping and cables that create heat leaks. Figure E.2 illus-
trate where about the insulation will be placed. The insulation is indicated in red. It is 
assumed that between 5 and 10 cm of insulation thickness is needed around a part. 
The thickness of the insulation is dependent on the ideal temperature of the part. 
 
3. Casing 
The casing will be injection molded to have shape freedom and to satisfy large pro-
duction volumes. Figure E.1 illustrates the casing of the design. This illustration is an 
indication of the volume of the casing. The light blue parts on the casing are touch-
points for maintenance. The four blue parts on top are entrances for refilling oil, KOH, 
and Sorbent. 
 
4. Maintenance 
Figure 4.7 illustrates how maintenance can be done at the place of the micro plant. 
Individual bottles can be used for refilling. It also shows an outlet at the bottom that 
can be used for drainage. On the maintenance interface, there are: 
 Two manual valves.  
 A button for manual maintenance and a button for Sorbent  mainte-
nance. That are colloured in figure 4.7 to illustrate that they are activated.  
 A blue box that is used as a water vaporizer and oil collector.  
The orange lines on the side indicate danger because of the hot temperature of the 
coolers. 

Figure E.2 Insulation backFigure E.1 Casing

E.1 Extra information architecture design 1.
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E.2 Extra information architecture design 2.

Figure E.3 Micro plant attachment

 Electricity

 Methanol 
and water

Micro plant
Solar pole
rack system

Figure E.5 Insulation backFigure E.4 Casing

2. Insulation 
The parts that require insulation will be insulated using loose insulation flakes. For 
this, it is necessary to have a closed casing or a closed casing around the insulation 
parts. The flakes will be added inside this casing. The advantage is that it is easy to 
insulate complicated parts with wires and piping. 
 
Figure 4.11 and E.5 illustrate the place of the insulation indicated in red. Parts that 
require maintenance are placed in the same area. 
 
3. Casing 
 This concept uses an injection molded casing for the same reasons as concept 1. 
Figure 4.13 illustrates the volume of the casing. It also illustrates that there are no 
touchpoints for maintenance, and except for a small part of the MS, there are no 

cooling parts outside the casing. 
 
4. Maintenance 
Figure 4.14 illustrates how the micro plant can be 
swapped to do maintenance in a garage. Figure 
E.3 illustrates an idea for the integration of power 
cables and methanol piping inside the racks that 
hold the PV solar panels. This makes it easy to swap 
micro plants, without detaching the methanol and 
power input. It also protects the piping and power 
connections. 

F.1 Insulation materials

Figure fixme gives an overview 
of the materials selected with 
the CES database using the 
following requirements:  
-  Price per unit volume: 
max 10.000 euro/m3 
-  Density max 500 kg/m3 
-  Max serve temp.: min 
250 degree Celsius 
-  Thermal conductivity 
max 0.8 W/m Celsius

Table Fixme illustrates the materials from the CES database and the materials from the 
papers that suited the requirements of tempreture range. The materials are ordered at 
thermal conductivity. The table illustrates that glass and stone wool are better insulat-
ers for a cheaper price than all the other products.

Material Thermal 

conductivity 

Maximum (W/m 

K)

Thermal 

conductivity 

minimum (W/m 

K)

Price (Euro/Kg) Price (Euro/Kg)2

Glass wool 0,031 0,037 0,9 1,35

Stone wool 0,033 0,04 1,1 2

Recycled glass 

fiber

0,038 0,05 0,45 1,215

Vermiculite 0,0581 0,0704 1,71 2,06

Expanded 

vermicultite

0,062 0,1 1,71 2,06

Carbon foam 0,04 0,11 17,8 21,3

Graphite foam 

(0.12)

0,07 0,2 15,6 23,4

Mullite foam (NCL)

(0.46)

0,15 0,317 8,88 10,7

Cordierite foam 

(0.5)

0,25 0,417 8,12 12,6

Aerated concrete 0,7 0,8 0,0514 0,0685

F. Insulation
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They advised not to use Aerogell, because this is too expensive. Using a rigid foam for 
the AEC and the DAC insulation will be to risk full because the thermal properties are 
not stable over time. A different solution is the use of insulation matrasses. However, 
this is only used for applications where the insulation material needs assembly and 
disassembly multiple times during the micro plant’s lifetime. Because this is not the 
case with the micro plant and because this solution is expensive, it will not be used. 
They also advise using an elastomer foam material named Armacell for the AEC and 
DAC insulation that can handle temperatures up to 150oC. The insulation properties of 
Armaceell are, however, not as good as stone wool or glass wool. There is no evident 
benefit of using two different insulation materials. 

 different manufacturing methods for stone wool insulation. 
 
The information is obtained from interviews with InsulationSolution and Rockwool. The 
different options are: 
 
Standardized piping insulation: Rockwool produces standardized piping solutions in dif-
ferent sizes and thicknesses. 2 layers of piping insulation can be used to create a more 
significant thickness. The insulation is formed out of 2 pipe shells placed on top of each 
other.  Piping can be delivered with an aluminum layer on top of the insulation or a 
gauze blanket. The gauze blanket can be used to close the insulation. The aluminum 
layer can prevent radiation of heat. There are prefabricated bends in the assortment, 
to use for the MS. Flange caps can be used to close the pipes; wool is on the inside of 
an aluminum flange cap. It is a benefit that the insulation can be made from standard-
ized piping. It is a disadvantage that the assembly of the piping is time-intensive. Wires 
and piping connections are harder to integrate into the insulation using standardized 
piping with a more significant risk for heat leaks. 
 
Milling of stone wool blocks: Stone wool can be milled, so it exactly fits the shape of 
the insulation parts. It is a disadvantage that milling stone wool blocks for 100.000 
micro plants is a time-intensive process. 
 
Insulation flakes: Flakes can be used to fill a closed cavity with flakes. This method is 
often used for complicated shapes. The insulation value is slightly lower than blocks, 
because of the random orientation of the fibers. This difference is, however, neglect-
able considering the benefit of having a perfect fit with the parts. A disadvantage is a 
need for a closed casing or confinement around the insulation parts. 
 
Stonewool formed in a mold: It would be perfect if the stone wool can be produced 
using a mold, so it does not need secondary processes to fit the design. It is unclear if 
this method is possible. Rockwool and insulation solutions do not yet offer this possi-
bility to their customers. 

F.2 Interview InsulationSolutions

F.3 Manufacturing methods stone wool 
insulation

 
One of the above options in combination with a hot box: When all parts need to be 
the same temperature, an insulating casing that goes around, all parts can be used. 
This is similar to a refrigerator; instead of cooling every product individually, they are 
placed in an insulated chamber with one temperature. However, the parts require 
different temperatures. Nevertheless, it would be possible to insulate the parts that 
need to be hotter than 70 oC and not insulate the parts that only need to be 70 
degrees, so it is a hybrid solution. 
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There is one Dutch company, MasterVolt, that produces invertors. They mainly produce inver-
tors for the maritime sector. Their casing was made from sheet metal because: 
They have small production volumes. 
It is easy to create a new version of the design with sheet metal. 
The metal can also function as a heat sink. 
Plastic is less fire-resistant; for them, this is a reason to use metal. 
 
Bottlenecks in the design of the inverter are: 
The connectors to the solar panels. 
Thermal management 
Inside the sheet metal, they have a sheet metal bracket to keep al the components together. 

An interpretation of rules are listed that could also be relevant for the design of the micro 
plant: 
The micro plant needs to be grounded to protect from electrical shock. 
It should not be possible to get an electrical shock by touching the micro plant. 
Accessible parts that have the function to get hot can not exceed temperatures of 100 oC 
The part of the casing that gets into contact with the mounting surface can not exceed 
temperatures of 90 oC 
Push buttons an actuators of emergency stop devices and indicators of warning or danger 
should be colored red. 
The IEC also gives much information on how to test if a product applies to the rules; in a later 
phase of the design, it might be necessary to dive deeper into this topic. A lot of these tests 
involve testing what happens if one function of the design fails. For example, if the air duct is 
blocked, what will happen, and is this dangerous? The IEC also gives information on how to 
mark certain parts, for example, parts that get hot or can be mounted. This should be consid-
ered in a later stage of the design process.

G. Casing

G.1 Benchmark

G.2 Pro and con’s of the casing concepts
Concept 1.
Pro: 

• Suitable for large production volumes

• Airshaft is not a load bearing part, therefor a cheap and virgin plastic can be used. 
The virgin plastic can be recycled after the lifetime of the micro plant.

• Shrinkage an the expansion of plastic, due to temperature differences in the 
dessert are not a risk because the airshaft only has one function.

• he metal frame allows flexibility in the design of the assembly of the micro plant.

• The metal of the metal frame can be recycled after the lifetime of the plant.

• If the airshaft needs to change after running one farm of 10.000 pieces the invest-
ments for a new mould are bearable. 

• Blow moulding is commonly used for parts of these sizes.

Con:

• It is a hybrid construction that requires secondary processes and assembly of the 
airshaft to the metal frame.

• Blow moulded parts have limited from freedom.

• Blow moulding will generate waste material in the production process.

• Assumed is that the plastic prices will rise the coming years.

• Plastic will melt under high temperatures.

Concept 2. 

Pro: 

• All functionalities can be integrated in two parts.

• Less need for secondary processes.

Con:

• Only virgin plastic material can be used.

• Plastic deforms under the forces applied to the part.

• Plastic deforms and degrades under the influence of temperature. This is a 
problem when the part is also the structural frame of the thing.

• High investment costs

• High costs to change the design.

• The parts that are needed are large parts. The plastic industry is for 95% special-
ised in the production of small parts. It is possible to make plastic parts of this size, 
but it is not common and it comes with it challenges

P. 130Appendix



P. 132Appendix P. 133Appendix

Concept 3.
Pro: 

• SMC has a better stiffness than plastic

• SMC is more resistant to high temperatures.

• SMC has enough form freedom to integrate all functionalities into one part.

Con:

• High investment costs.

• SMC is not recyclable.

Concept 4.
Pro: 

• It is easy to iterate with sheet metal and create new versions of the product. 

• No investment costs.

• Sheet metal can be bend in a way that it is stiff.

• The metal can not melt and has a long lifetime.

• Metal can be recycled after the lifetime.

Con:

• Need for secondary processes to make a leak tight airshaft and assemble all the 
sheet metal parts.

• Not easy to upscale for large production volumes.

1. The ideal shape of a blow mold part is the shape of a sphere. In the design, it is 
best to approach this shape as much as possible.

2. If the end product is larger than the parison’s diameter, the material will stretch, 
and the wall thickness will decrease. This decrease in material happens very 
rapidly. When creating an expansion on the side, the ratio of 1 to 2 should be 
followed. It is essential for the blow mold process that this extrusion does not 
create a leak. However, minimal wall thickness can be done on purpose when the 
material needs to be removed for the assembly of other parts.

3. The product should be designed in a way that the diameter of the parison can be 
as small as possible. A large parison diameter is heavy, will stretch and need to be 
held by the extrusion head. A larger parison also requires a bigger machine and a 
more significant mold resulting in higher mold costs and higher production costs.

4. In extrusion, blow molding only to 5 to 7 Barr is used to blow the product. 
Therefore it is possible to use soft material for the mold, an aluminum mold. If 
an undercut is in the design, there is a need for a slider. However, because fo 
the softness of the aluminum, the slider will eat the mold, therefore it is best to 
design the part without undercuts. One exception can be made; the material will 
shrink about 2% after blowing. This shrinkage allows for small undercuts.

5. The weld seam does not necessarily need to be in the middle of the product.

6. There can only be one cavity, but this cavity can consist of multiple product parts.

7. The flap could not  be cutted at the product edge but at a distance to give it a 
function.

H. Casing

H.1 Design guidelines blow molding
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