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Abstract

The goal of this theses is to analyzes the methodologies and tools used, as well as their relationship,

for the industrialization of two different prototypes of alkaline water electrolyzers.

This paper provides an analysis of the industrialization process as a whole. Through the application

of different methodologies, many of the steps necessary to complete the process and to begin

production will be explored.

During the product development phase of the two prototypes, new and innovative methodologies and

components, which are intellectual property of the company, were used. For this reason, no sensitive

and undisclosed data will be discussed within the paper, instead examples will be considered.

The following paper is structured in four chapters:

In the first chapter is given an overview of the company, Industrie De Nora s.p.a., through its
history, the main technologies developed and employed during the years and its core pillars.
The second chapter analyzes the electrolysis process, the chemical reaction that allow an
alkaline water electrolyzer to operate. Moreover, the different types of electrolysis as well as
the general structure of an electrolyzer using this technology are explored.

Within the third chapter, many of the tools needed for industrialization will be explained and
their theoretical application discussed. The chapter is structured to show the evolution of each
process into the next, emphasizing the cross-functional nature of the industrialization process.
This chapter will be divided into two main sections, each devoted to a different prototype.
Having the two prototypes different evolutionary stages, this division is necessary to provide
a more complete picture of the whole process.

The fourth and final chapter describes and analyzes the possible future applications of green

hydrogen, its potential, and how it will impact our lives in the future.

Thanks to the analysis of this technology and the tools required for the industrialization of such

innovative prototypes, it was possible to structure a path necessary to the achievement of the desired

company’s goals.



Chapter 1

The company

De Nora was founded in 1923 by Oronzio De Nora.

The company's top priority is to provide solutions that will enable the hydrogen economy, accomplish
the energy transition to decarbonization and guarantee that everyone has access to clean water. The
technologies developed by De Nora are acknowledged as a high-value enabler that supports
transformational processes in a variety of industrial applications, including the production or
accomplishment of primary chemicals, electronics applications, water purification, galvanic
processes, energy storage, and infrastructural corrosion protection. The group has a history of
consistent growth, especially over the past ten years, which has been guided by continuous

development and M&A activities across numerous nations.

De Nora has 25 operating firms spread throughout 10 nations, with 5 R&D centers in Italy, the USA,
and Japan. These facilities support the ongoing expansion of the company's intellectual technologies,
which are protected by about 260 patent families and more than 2,700 territorial extensions. The
company, which employs more than 1,700 people globally, can successfully serve consumers in 100

countries thanks to its extensive presence and diverse product offering.

Company’s history

Oronzio De Nora's initiative in 1923 marked the beginning of the De Nora Group's history. Oronzio
submitted his first patent application for an alkali chloride electrolytic cell in that same year. Since
its establishment, the group has concentrated on the electrochemical industry, leading in chlor-alkali

technologies.

At the end of the 1960s, after decades of producing and selling extremely successful electrochemical
plants and commercializing the DSA® activated metal electrodes, in order to replace graphite and
lead (heavily polluting and poor performance material), the group decided to start a technological
offering diversification by entering new industries. In order to serve the expanding local client base

and offer a crucial after-sales service, De Nora started to establish joint ventures and subsidiaries in



1969, first entering the Japanese market before expanding to Singapore, Brazil, India, China, and

Germany.

The De Nora Group continued an organic grow during the 2000s. The group started to fundamentally
change from a small, specialized company into an international organization with a wide range of
products, devoted to a path of growth, and led by the sustainability of its energy-saving innovations.
Uhdenora S.p.A. was specifically established in 2001 to boost the chlorine-alkali plant industry.
Subsequently, Industrie De Nora and Thyssenkrupp formed an initial joint venture with equal
ownership, which later changed its name to tkUhdeChlorine Engineers in 2015 and then to
Thyssenkrupp Nucera in February 2022. The Severn Trent De Nora joint venture, devoted to the

industrial electrochlorination industry, was established in the same year.

De Nora increased its presence in Japan between 2009 and 2010 by purchasing the stock of Permelec
Electrode and Permelec Chlorine Engineers, two substantial acquisitions from the Mitsui group in the

electrode sector.

With the help of a series of acquisitions, including Severn Trent Water, a company that specialized
in water treatment technology, the group started to grow its business in the water, wastewater

treatment and sanitation sector in 2015 leading to the creation of the Water Technologies Business.

By acquiring 32.9% of the share capital in 2017, Blackstone Tactical Opportunities joined the De
Nora Group to increase its expansion. Moreover, by opening additional manufacturing facilities in
Germany and the United States between 2018 and 2019, the Group increased its production capacity

cven morce.

In order to become the industrial partner that supports De Nora in its growth in the energy transition,
leveraging on its set of solutions for the development of green hydrogen, Snam S.p.A., one of the
world's largest energy infrastructure operators and one of Italy's largest listed companies, acquired

the entire stake in De Nora from Blackstone in 2021.

Company’s pillars

The group’s organization has always differentiated out due to its ideals and the message it has
attempted to give to both its clients and staff. The company's main tenets comprehend an open and
direct relationship with its stakeholders to ensure common goals, with clear and direct

communication. Continuous improvement without the restriction of the research and development
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departments. Sustainability as the provision of low- and zero-emission energy solutions, while
reducing the company's energy usage and carbon footprint in order to have the minimum possible
negative effects on the environment. Finally, a positive work culture that encourages all workers to

feel appreciated and inspired to perform at their best all the times.

Technologies

The main world provider of insoluble electrodes and highly effective catalytic coatings for
electrochemical and industrial applications is De Nora. While being a prominent supplier of tools,
disinfection systems and filtration solutions for water and wastewater treatment, the company also
invest heavily on innovative technology. The De Nora Group primarily operates in the following two

technological macro-areas:

e Water Technologies

The company's reliable and tested water filtration and disinfection technologies are always
evolving to make operations simpler while increasing safety since the organized
understanding of electrochemical processes has major advantages for both partners and

clients. The key areas of this technological field include:

o Disinfection technologies
A variety of disinfection technologies are available in De Nora, including vacuum gas
chlorine systems and on-site production of sodium hypochlorite from salt. The
business handles various technologies, from the most potent oxidants to residue-free
disinfections, through a wide range of options, such as the advanced oxidation process

(AQOP) or the utilization of UV rays.

o Filtration solutions
A wide range of filtration solutions from De Nora Water Technologies are available
to make the process of filtering and polishing water and wastewater streams easier.
The removal of TSS, organics, and contaminants is possible thanks to the use of

particular filtration technologies developed by the company.
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Contaminants treatments

The organization can list a wide range of expertise as one of its main strengths,
including electrochlorination, media, underdrain, and ultraviolet (UV) treatments. De
Nora provides new and retrofit solutions to treat a variety of contaminants, including
arsenic, iron, manganese, fluoride and nitrate removal. These technologies span from
chemical removals through PFAS remediation. The corporation also handle the issue
of media refilling by disposing of used media in landfills while following US Toxicity
Characteristic Leaching Procedures (TCLP).

e Electrode Technologies

The De Nora Group's primary area of expertise is electrode technology. In order to make their

use simpler and safer, the reliable and tested electrochemical solutions are always under

research and improvements. Operations in a wide range of applications are consistently

refined thanks to extensive knowledge of electrochemical processes and the proprietary of the

DSA® electrodes, a specific typology of electrodes.

The main applications for this technology are the following:

o

o

o

o

o

o

Chlor-Alkali Processes
Water Electrolysis
Fuel cells

Electronics

Pool disinfection

Mining

This work will primarily focus on water electrolysis and the industrialization of protypes

developed using this technology but to better appreciate the great quantity of solutions in

which the organization operates, it is worthwhile to quickly cover the other applications as

well.

©)

Chlor-Alkali Processes

Some of the company's oldest applicable technologies and processes are included in
this technological field. The company has focused mostly on three production
technologies throughout the years: membrane, mercury, and diaphragm cells. The first

was effectively implemented and developed by the corporation; it is the most



contemporary, requires the least amount of energy, and can create caustic with a better

level of purity. The last two are actually managed in just a few plants across the world.

o Electronics
The need for key materials, like copper foil, has greatly benefited from the energy
transition and the rapid increase in demand for lithium-ion batteries (LiB). De Nora is
the first business to bring DSA® insoluble anodes in the technology sector for the
electrochemical copper plating of printed circuit boards as well as the fabrication of

electrodeposited copper foil.

o Pool disinfection
All of the leading swimming pool equipment manufacturers in the world use the De
Nora DSA® electrode for electrochlorinating pools. The product's adaptability

enables use in both domestic and professional settings.

o Mining
A 0.8 percent solution of sodium hypochlorite, which has been utilized and
successfully tested as an alternative to the traditional method of recovering gold using
cyanide in the mining sector, is produced by the ClorTec® Gen III On-Site Sodium
Hypochlorite Generator. (De Nora, 2020)

The following chapter will focus on the electrolytic reaction generally, heart of most technologies
used by the company, before highlighting the characteristics and structure of an alkaline water

electrolyzer.
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Chapter 2

The basic principles of electrolysis

The process of electrolysis involves the passage of electric current through a substance in order to
modify its chemical composition. When a substance loses or gets an electron, a chemical change
occurs (oxidation or reduction). The procedure is carried out in an electrolytic cell, a device made up
of positively and negatively charged electrodes that are held apart and submerged in a solution with

oppositely charged ions.

The cell [Annex 1] consists of a vessel, divided into two compartments. Two electrodes, an anode
and a cathode, made of expanded mesh, wire mesh, or corrosion-resistant metal sheets, are installed

in each compartment.

The two electrodes of the electrochemical cell must remain stable, not corrode, and act as an effective
catalyst for the electrochemical reaction occurring at their surfaces. Over the years, different materials
have been thoroughly examined and analyzed for the creation of these elements. One of the best
electrocatalysts for electrolysis is platinum, which is stable in an alkaline environment. However, due
to its exorbitant cost, platinum electrodes have been substituted by various less expensive materials.
Nickel and titanium are two of the least noble metals that are the most resilient for making electrodes

in highly alkaline conditions (Kjartansdottir, C. K., 2014).

The separator, which is permeable to ion movement, divides the two compartments of the cell.
Because it maintains the ionic contact between the electrodes and prevents the product gases from
mixing, the separator is an essential part of the electrolysis process. In order to allow for ion exchange,
the electrolyte solution is poured into the pores of the structure and up to a certain differential

pressure, the gas phase can be kept from breaking through.

Each electrode also has a coating, crucial step of the process, which serves the same purpose as the
catalysts used in many chemical processes: speeding up the rate of reaction. In the laboratory,
compounds that have been properly formulated and manufactured are used to treat electrodes, they
can vary a lot and even the smallest chemical change can make a huge difference. There are different
methodologies used for its application, in this particular scenario only the catalytic coating will be

briefly analyzed.

The application of catalytic coating involves sequentially depositing layers of noble catalytic oxides,

which accelerate or support electrochemical reactions. Iridium, ruthenium, platinum, palladium, and

11



rhodium are only a few examples of the platinum family metals that are used in coating formulations.
The features of the coating are determined by the composition and deposition method, encouraging
the desirable output while preventing unfavorable side reactions. Coatings must comply to rigorous

deposition methods and range in thickness from 1 to 100 microns.

Thermal treatment is applied to coated electrodes to help materials adhere effectively, prevent
substance leaking into the environment, and ensure that the electrodes meet all technical
requirements. The subsequent step involves the thermostability evaluation by heating samples of the

specified material in a controlled environment.

The rectifier, which is a source of DC electric energy, is then linked to the coated electrodes. Current
start to flow across the electric circuit when the voltage applied to the cell exceeds a specific critical
value. The anode is the electrode connected to the rectifier's positive polarity while the cathode is the
electrode connected to the rectifier's negative polarity. It can be shown that the quantity of energy
that the rectifier injects into the cell at the critical voltage value is a direct function of the amount of
energy needed to perform the cell reaction (G). Since every reaction has a unique G, every reaction
that doesn't happen naturally has a specific cell voltage over which current starts to flow (G. Faita,

2017).

The electrolyte, which is a component of the solution, moves to the cathode. Depending on the type
of electrolysis being used, different components or molecules begin to penetrate the membrane. These
molecules alter when they combine with the electrons (reduced). The solution's constituents also
move to the anode, the other electrode, where they lose their electrons and change (oxidize) into new

molecules.

As a result, some molecules of one element will be produced from the reaction in the anodic
compartment, while other molecules of a different element will be produced in the cathodic

compartment (Encyclopedia Britannica, 2019).
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Introduction to water electrolysis

Particularly in the last two decades hydrogen has grown in significance as an energy carrier. Up to
now, gasification and converting of heavy oil, as well as natural gas reforming, are the technologies
that are most commonly used to produce hydrogen. Water electrolysis still makes up a small portion
of the total hydrogen production, despite its wide range of applications. Water electrolysis has the
benefit of creating exceptionally pure hydrogen (> 99.9%), which is perfect for some high value-
added operations, like the manufacturing of electrolyzers. Exploiting secure, sustainable, and clean
energy sources is a significant socioeconomic and technological challenge in the twenty-first century.
In theory, a significant amount of the world's energy needs might be satisfied by solar, wind, and
hydropower; They do, however, require effective and affordable storage options, because of their
sporadicity. Water electrolysis is one of several storage options that is appealing because it makes it

possible to produce hydrogen, a powerful energy carrier, sustainably and with more stability.

A variety of water electrolysis systems have been proposed, developed and constructed over the years.

Here are the four typologies studied or developed to date:

e Solid Oxide Electrolysis (SOE)
The solid oxide electrolysis was first introduced by Donitz and Erdle in the 1980s. Due to the
efficient conversion of electrical energy into chemical energy and the production of ultra-pure
hydrogen [Figure 1], solid oxide electrolysis has garnered a considerable interest. Steam is
produced from water during solid oxide electrolysis, which operates at high pressure and
temperature, from 500 to 850 C. The primary advantage of solid oxide electrolysis (SOE)
technology over low temperature electrolysis is its higher operating temperature. However,
there are significant concerns with the SOE's lack of stability and deterioration that must be

resolved before it can be commercialized widely.
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Solid Oxide Electrolysis
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Overall cell: H,O0 — H, + 2 O,

Figure I - Solid Oxide Elecetrolysis rapresentation

e Microbial electrolysis (MEC)
Organic material, including renewable biomass and wastewaters, can be used in Microbial
Electrolysis Cell (MEC) technology to produce hydrogen. Two different research institutions,
such as Penn State University and Wageningen University, in the Netherlands, introduced the
first Microbial electrolysis cell technique in 2005. Electrical energy is changed into chemical
energy in microbial electrolysis cells (MECs). Under the influence of electric current, CO2,
protons, and electrons on the anode side, MECs generate hydrogen from organic molecules
[Figure 2]. Additionally, compared to other types of water electrolysis, the MEC method only
needs a tiny quantity of external voltage. However, there are still a number of issues with
MEC technology that need to be resolved before it can be commercialized, including slow
hydrogen generation rates, high internal resistance, electrochemical properties, and complex

designs.
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Microbial Electrolysis
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Figure 2 - Microbial Electrolysis rapresentation

o PEM water electrolysis
Grubb idealized the first PEM water electrolysis in the early 1950s, and General Electric Co.
improved it in 1966 to address the limitations of alkaline electrolysis of water. Polysulfonated
membranes are employed as separators in the PEM water electrolysis process. The proton
exchange membranes offer several benefits, including low thickness (R20-300 mm), strong
proton conductivity (0.1 0.02 S cm), and decreased gas permeability [Figure 3]. PEM water
electrolysis is one of the more advantageous processes for converting renewable energy to
highly pure hydrogen in terms of sustainability and environmental effect. Other features of
PEM water electrolysis include its small size, ability to run at low temperatures (20-80 C),
and high current density. PEM electrolysis is the most expensive alkaline water electrolysis
method because it uses high activity noble metal electrocatalysts like Pt/Pd at the cathode and
IrO2/RuO2 at the anode. Therefore, lowering manufacturing costs while retaining the
effectiveness of PEM water electrolysis is the key problem for this solution (S. Shiva Kumar,

V. Himabindu, 2019).
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PEM Electrolysis
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Figure 3 - PEM Electrolysis rapresentation

Alkaline Water Electrolysis (AWE), which produces hydrogen at the highest rate and for the least

cost, is still regarded as the current industry standard for large-scale water electrolysis systems (Tao

Jiang, 2020).
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Alkaline water electrolysis

The oldest, most industrially sophisticated, and least expensive water electrolysis method is alkaline
water electrolysis (AWE), which was first developed by Troostwijk and Diemann in 1789. Compared
to proton exchange membrane electrolysis, alkaline water electrolyzers have greater power
consumption, achieving exceptional levels of toughness, dependability, and security. Alkaline water
electrolysis processes are also currently gaining popularity across a wide range of application areas.
AWE is one of the most easily systems scaled for large facilities, with commercially available
products capable of creating hydrogen, on the order of tens of MWs, powered by wind and solar

energy.

The process

Alkaline water is separated into hydrogen and oxygen via an electrolysis process. Two molecules of
alkaline solution are first reduced to one hydrogen molecule (H2) and two hydroxyl ions (OH) are
created at the cathode. The generated H2 is then taken from the cathode surface and combined with
other gases. On the other hand, under the effect of the electrical circuit, the hydroxyl ions (OH) move
from the separator to the anode. When these hydroxyl ions (OH) reach the anode, they are released
into one water molecule (H20) and half an oxygen molecule (O2). On the electrode surface, the O2
eventually recombines and releases hydrogen. Overall, a water molecule reacts 2:1 with hydrogen

and oxygen. This technology's working principles are displayed in the annexes [ Annex 2].

KOH solution, which ranges in concentration from 20 to 30 percent, is the alkaline solution or
electrolyte. The created gases are divided from their electrode surface and prevented from mixing
during the process by using a porous diaphragm as the separator, which permits ion migration (K+

and OH-) between cells.

The electrolyte is kept after the complete electrolysis process in two distinct casks for each produced
gas (02 and H2), which also act as a gas-liquid separator. Prior to getting cleaned to the required
level, the generated gases are demisted and dried. After leaving the gas separator, the liquid electrolyte

is fed back to the electrolysis stack.

A crucial stage in the electrolysis of alkaline water is precise temperature control. A large decrease
in the amount of electrical energy required for hydrogen production is a benefit of the high working

temperature. The decomposition of materials, which frequently results in metal corrosion and the
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deterioration of utilized polymers, presents significant difficulties while operating at high
temperatures. For the electrolyte to keep an ideal temperature range, the majority of alkaline water

electrolyzer systems have a temperature control system (Jorn Brauns and Thomas Turek, 2020).
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Structure of a multi-cell alkaline water electrolyzer

Over the following years, there will be an increase in the ability of the world to produce power using

solar cells, wind turbines, and other renewable technology.

World renewable electricity capacity is estimated to grow by more than 60% from 2020 levels to over
4800 GW by 2026, which is equal to the present total global capacity of nuclear and fossil fuels put
together. Through 2026, the expansion of the world's power capacity is expected to come almost
entirely from renewable sources, with solar energy accounting for more than half. It is anticipated
that between 2021 and 2026, there will be a 50% increase in renewable capacity compared to the

period between 2015 and 2020 (IEA, 2021).

The global market is searching for methods and technology to safely and durably store this priceless
resource as the production of renewable energy rises. It is crucial now more than ever to invest in
energy storage systems because renewable energy sources cannot ensure a constant supply of energy.

As was already said, hydrogen is a crucial resource in response to this necessity.

Companies worldwide have developed electrolyzers that can sustain performance levels that satisfy
market demands in order to answer consumer needs for systems that can produce huge amounts of
hydrogen, while cutting pricing and fluctuating consumption costs. These requirements are the
driving forces behind the investigation of larger electrolyzers, with increasingly precise technologies

and rigorous studies for high-performance materials and chemical combinations.

Large electrolyzers' construction and performance are influenced by a number of variables. The most

important are listed below:

e Dimension of the “active area”
The group of elements that actively contribute to the electrolysis of alkaline water is referred
to as the active region, composed by the two electrodes (anode and cathode), the electrolyte
and the diaphragm. Therefore, expanding the active area results in more hydrogen being
created, at the expense of expanding the current needed for the chemical reaction to occur. In
order to maintain the correct current density and keep expenses low, it is crucial that each
organization conduct the necessary studies and research to maximize the link between active
area size and the amount of current required. The proportionate rise in production footprint as
the active area grows in size, is a crucial factor to take into account. Green hydrogen

production is undoubtedly a significant step in the direction of environmental protection, but
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it is essential to keep under control the environmental impact and the related required

resources.

e Materials and substances
It is crucial that the materials used perform optimally for the type of electrolysis being
conducted. Different metals can be utilized in the creation of electrodes, but they all need to
feature conductivity, corrosion resistance, and hardness. On the other hand, the most
challenging and variable area of study, in terms of chemicals implied, is the selection of metals
for the coating composition. Both the various elemental combinations and the kinds of
treatments that can be applied to electrodes are many and can vary a lot. Moreover, the coating
must be applied correctly to ensure total coverage of the area and long-lasting performance of

its tasks, in addition to providing chemical reaction and improving its performance.

e Assembly methodologies and numbers of cells
Expanding the number of cells connected in series to form a multi-cell electrolyzer is one of
the most effective methods to maximize the levels of hydrogen generated. Electrolyzers with
just one cell made up of two electrodes have been used in this paper just to show how
electrolysis works but numerous cells are connected in series in modern industry to produce

electrolyzers with up to hundreds of interconnected units.

In addition to the elements seen above, in order to produce a multi-cell electrolyzer, additional

components are required.

The frame, that serves as the electrolysis stack's rigid body, supports each electrode. To prevent the
liquid (electrolyte) that fills the cells from spilling out, the frame is a rigid structure often made of
high-performance polymers. Safety gaskets are also positioned between each layer, serving the twin
purposes of keeping the liquid contained, as do the frames, and strengthening the electrolyze tightness
to prevent structural misalignment. These specific gaskets are constructed of robust, long-lasting

rubbers.
The bipolar plate is positioned in-between each cell. The bipolar plate is a metal plate which function

is to carry electricity consistently from a rectifier that will be placed on top of the electrolyzer. Then,

in order for the reaction to occur, each bipolar plate will have to maintain a correct cell voltage. Since
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the size and shape of these elements have a significant impact on the performance of the overall

system, their design provides one of the largest issues the electrolyzer industry has to face.

The electrolyzer is secured using terminal flanges and tie rods once each cell has been positioned
side by side, encircled by its frame and supported by its gaskets. The primary purpose of the exterior
tie-rods is to compress the cells together under intense pressure, to reduce any potential liquid leakage
sections to zero. The end flanges instead are metal plates that allow the entrances and exits of the
electrolyte contained within the electrolyzer as well as the gases recovered from electrolysis

(hydrogen and oxygen) through specific ducts.

For a general representation of the structure of an electrolyzer (in this case with only one cell

positioned between terminal flanges) refer to the following figure [Figure 4].

Pressure washer

Sealing gasket

Insulation gasket  Catalyst layer

Porous electrode

Hexagonal nut

Figure 4 - Example of one cell electrolyzer stack

The amount of hydrogen produced can be increased by connecting more cells in series, but doing so
brings additional expenses and risks. As was already indicated, a larger electrolyzer will necessitate
more energy use, which will translate into a proportionate increase in variable costs. The structural
durability of a multi-cell electrolyzer is a crucial additional factor to take into account. Hydrogen and
oxygen, the two gases that make up the electrolyzer, must not come into touch at all because of the
great risk of flammability posed by their extreme purity. In fact, ATEX certification is required for

every alkaline water electrolyzer.
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ATEX refers to two EU Directives that regulate how explosion-proof equipment and workplaces are
handled. If these materials were to catch fire, they may cause explosions that would cause damage
and harm. These gasses, dusts, or vapors can be released into the air. Therefore, ATEX certification
is meant to reduce or avoid explosions in vulnerable areas, such in this example, the electrolyzer's

assembly and testing area (TUV Sud, 2018).

The figure below [Figure 5] shows a multi-cell alkaline water electrolyzer fully assembled and ready

for production.

Figure 5 - Example of multi-cell electrolyzer

From the picture it is possible to see how these electrolyzers can get to be very large in size, and the
number of cells in series even exceeds a hundred. For electrolyzers of this size, it is indeed necessary
to design product-specific support stations that also facilitate their handling without impacting the

structural tightness of the assembled cells.
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Chapter 3

Nowadays, manufacturing enterprises are facing ever increasing challenges from geographically
dispersed design teams to management of all manufacturing systems all over the world. With the aim
to address all these challenges, the enterprises support the need to connect product design and
industrialization, to allow production. This connection is realized by the interaction among all the

various information delivered and shared through all the process.

Introduction to industrialization

In an extended enterprise context, a great and well managed data sharing and visibility among design,
industrialization and production, has many advantages for a company. The passage of information
should be as clear and direct as possible, to allow the reduction of cycle times, improving quality and
efficiency and supporting strategic planning efforts. The core steps, and the data generated and used

within each step, to enable an efficient product industrialization are defined below:

1. Design
As the first steps in the product development process, engineering specifications and a
conceptual design are completed by requirements and design teams. The information provided
about the product is covered by all the data collected. This procedure is performed by applying
a broad variety of tools and methodologies, which can describe, among other things, the
qualities of the parts, the product designs, the relationships between its structural components,

and an Electronic Bill of Material (EBOM).

2. Industrialization

The industrialization process takes place through the standardization of all processes and
inspections thanks to all the necessary equipment and tools that help putting it through mass
production. Industrializing requires the careful consideration of various constraints: social,
technical and economic. The process is relatively complex and often relies on industrialization

engineers that must:

® Understand the product’s life cycle, ensure that it is built accordingly

® Use industrial tools and processes that fit the economic and technical constraints
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® (reate an organizational plan for the human resources and adapt it with regards to

context

® Act as a mediator between production, sales and design units

For instance, a product that is made to last will employ more durable materials and should
have fewer moving parts that could break down excessive wear over time. If a product needs
to be mass produced, the production line should be as automated as possible to reduce costs.
Frequent quality checks are also necessary to guarantee that technical standards are fulfilled,

but they shouldn't be performed too frequently as this would increase expenses.

Additionally, it is crucial that the workforce got specific recommendations to keep a defined
direction, because they may only work on a single component of the final product and may
not be aware of how their efforts will affect the whole production line. Industrialization is a
vital step in the process because production is not linear, mistakes might occur, and people
might lose their jobs due to a shortage of resources. These three parties must understand one
another and work together to the greatest extent possible while analyzing decisions that
occasionally aren't technically possible or would be prohibitively expensive to produce.
(Sparkmate, 2022).

3. Production
The final step of the process, production planning and execution, is handled by the production
team. The production team is divided into three control levels: strategic, production execution,
and operative, in order to manage production processes. Between these many levels, there are
differences in the amount of detail addressed and the processing time. The next step is to
gather the manufacturing data, which is divided into two crucial categories: information about
the product and production processes as well as monitoring and controlling quality data as the
product moves through the manufacturing process. It's critical to receive input on production
status from the factory floor to assure production traceability, maintain a lean manufacturing

process and improve future product design.

After defining the main steps necessary to organize large-scale production, the industrialization

process will now be covered in more detail.
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Methods and processes for industrialization

Industrialization is one of the key steps in concretizing research and development processes in order
to make a product or process producible or replicable on a larger scale. During the internship
experience many of the methodologies and tools used in the development and industrialization of a
set of prototypes have been applied. The goal of this thesis is precisely to summarize these tools,

breaking them down by product maturity.

In the following sections two prototypes will be considered as examples of the work done. Moreover,
since these products are at two different stages of development, analyzing the methodologies applied

to both will provide a more complete view of all the tools used during the internship.
Prototype A - lower maturity level

For this particular prototype, at an earlier stage of development, it was essential to follow the product
design and development phase closely. Close collaboration between development and
industrialization is necessary to enable more effective implementation to select of the most

appropriate systems to be used.

In order to gain a thorough understanding of the structure and composition of the prototype, it was

necessary to analyze the structural drawings of the product and organize the related E-BOM:
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CAD-BOM and E-BOM

A BOM, or Bill of Materials, is a complete and detailed list of raw materials, components and
instructions required to build, produce or repair a product or service. It is a hierarchically organized
list of assemblies and subassemblies components, divided among single components or assembled
elements. A Bill of Materials thus could contain a variety of information such as part number, part
name, quantity, units of measure, assembly references, method of part construction, and additional
notes. The BOM represents a centralized source of information: every manufacturing process begins
with the creation of a bill of materials, an essential step in reducing costs associated with operations

and inventory.

In fact, the detailed master list of materials and components included in the BOM has multiple scopes:

e Give the industrialisation team the opportunity to comprehend the product and all of its
specifications on a comprehensive and deeper level.

e Manage production and logistics in an efficient, coordinated, and integrated manner.

e It enables manufacturing businesses to properly and on time prepare for the purchase of raw
materials.

e Establish the price of the machinery required for the production process to avoid mistakes and

to maximize the entire production process.

Fundamental in the Bill of Materials is the accuracy, which is essential to ensure that materials and
components are available and in working order when needed, avoiding production stoppages resulting
in increased operating costs.Since every business reality is different and requirements can easily vary,

there are various types of BOMs. Below are the four main ones:

e CAD-BOM
It is created by design offices, which are familiar with how items need to be assembled
together using the conventional tree structure present in CAD designs. It is the first illustration

of the product created only using CAD drawings.
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e E-BOM
Engineering Bill Of Materials is referred to as E-BOM. It is a meticulous document that is
produced during the design phase in collaboration with the research and development division
using software like CAD or EDA (Electronic Design Automation). It is crucial because it
establishes the initial link between the project's development and engineering and
manufacturing areas. When it is incorporated with the business's industrial and logistical

operations, it is then transformed into the manufacturing BOM.

e M-BOM
Manufacturing Bill Of Materials is referred to as M-BOM. It is the BOM that contains all the
details regarding the parts, assemblies, and subassemblies required to construct a product at
all stages, up until final packaging. Since purchases of products and raw materials can be
arranged using the data in this paper, it is useful information for individuals involved in

planning and purchasing.

e S-BOM
Service Bill Of Materials is referred to as S-BOM. The supplies and tools required to install,
maintain, or repair a product are listed in this document. The SBOM is a crucial tool for a
company's technical support and service department because it also provides a list of all
products' repairable parts, which are necessary to have in order to assure their efficient

functioning (B. Sarno, 2020).

The first two types of BOMs were the only one drafted, controlled and used during the internship.
The main difference between these two documents lies in the database at the start. Thanks to a close
relationship with the research and development team of the prototype to be industrialized, all the
CAD drawings of every single component necessary for the realization of the prototype have been

analyzed.

Each CAD drawing includes a representation of the component in question, its dimensions, the
subcomponents that constitute it (only in the case of a complex element composed of several
subcomponents then assembled together), and possibly the material with which it is likely to be
manufactured. Careful analysis of each individual CAD drawing is critical to draft the most accurate
CAD-BOM possible since the quality of the document is also due to the amount of information

contained in it, for each individual component. Having access to the drawings gave me the

27



opportunity to check the CAD-BOM drawn up by the research and development department. For each
component, it was necessary to first analyze its drawing, which was often not so immediately
understandable, and then go on to edit and improve the document. Often the measurements of the
components, as well as their weight, were incorrect, which is why this revision was necessary.

Moreover, it was also very helpful to the team in understanding each individual product specification.

From an initial drafting of the CAD-BOM, the E-BOM was definitely created. The E-BOM contained
all the components designed by the product development team, with a focus, however, on the

possibility of engineering them and making them easily producible in the future.
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Make or Buy analysis

In order to structure a make-or-buy analysis that is useful and replicable for the company, it is
essential to have structured an accurate list of all components and their specifications. The E-BOM

is therefore a prior and fundamental step in structuring such an analysis.

When it comes to make or buy analysis, the term refers to the choice that a firm has on whether to
produce domestically (make) or purchase the goods and services it needs from a third party (buy).
Because it results in a direct comparison between the unit production costs of a good produced within
the same company or organization and those of a good supplied by a more specialized external

supplier, the decision assumes a strategic dimension.

If the production of a given good is accomplished through several successive stages, not all stages
have the same economies of scale, so there is a risk that some will be undersized and others oversized,
and the associated production capacities will not be used optimally. A specialized manufacturer, on
the other hand, can produce the same component at a relatively lower prices and can provide multiple
businesses at once, even when they are in direct rivalry. The first option places a strong emphasis on
internal production control, highlighting a hierarchical structure and directly managing flows in each
of its constituent parts at the expense of significantly stiffening the production cycle and highlighting
fixed costs. The second option, however, runs the danger of losing control over the regularity of flows
and the quality of cycle components while emphasizing the market, lowering fixed costs, and

enhancing organizational flexibility.

However, additional factors relating to innovation and end-market control must be included in
addition to these ones. The decision to purchase parts or components from outside sources may
depend on the subcontractor's capacity to maintain an innovative process that necessitates unique
investments in R&D and specialized production capabilities that the buyer finds inconvenient to
activate internally. Additionally, market expansion may need the creation of different models specific
to new markets, making it more acceptable to get distinctive components from outside sources rather
than incorporating the same variations into domestic cycles.

On the other hand, businesses frequently decide to implement strategies that enable them to internally
define diverse production development, particularly in order to support new processes that wouldn't
be efficient to externalize. When used properly, such systems can handle both diverse and
differentiated volumes, allowing for the direct coordination of partially differentiated flows of goods.
Manufacturing companies, for instance, pursued measures designed to make overly rigid production

cycles more flexible during the significant restructuring of the automobile sector in the 1990s. A
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substantial portion of the components were first purchased from outside sources, and then the product
was simplified while re-importing goods that were mostly created using machines that could

continually manage diverse flow patterns.

Discussing of make or buy analysis, it's critical to distinguish between the gathering of quantitative
and qualitative data. While qualitative features necessitate subjective assessment and frequently call
for different viewpoints, quantitative aspects may be computed and compared. In addition, while
some of the related parameters can be quantified with certainty, others need to be estimated. The
make-or-buy choice necessitates a careful analysis from all perspectives. In essence, quantitative
aspects are the additional expenses associated with producing or purchasing the component. Such
considerations can include things like the availability of manufacturing facilities, the required
resources, and the manufacturing capacity. This may also include fixed and variable costs that can be
determined either with certainty or via approximation. The cost of the items under examination would
also be included in quantifiable expenses because providers set the price by making the product

available for purchase in the market.

Considerable subjectivity is required when evaluating qualitative elements. Examples of such factors
include the ability to influence component quality, the dependability and reputation of suppliers, the
potential for decision modification in the future, the long-term perspective regarding the production

or purchase of the product, and the impact of the choice on suppliers and customers.

Make-or-buy analysis is thus a crucial tool for every business. The factors chosen to be evaluated
have a direct impact on the analysis's quality. Each organization may have a different set of data that
is given more weight and significance than other data that can be equally important to another
business. As a result, each business must determine which data are crucial for this analysis and what
precise weight should be assigned to each factor. As a result, each business must determine which
data are crucial for this analysis and what precise weight should be assigned to each factor (M.

Luenendonk, 2019).

After a brief introduction to the topic, it is important now to look at the criteria chosen for the make-
or-buy analysis of the prototype considered. Since the product to be analyzed was only a prototype,
it was decided to pursue an analysis that focused more on qualitative aspects rather than quantitative
ones. Instead of focusing on economic and quantitative factors at this specific stage of the project, it
was thought more crucial and beneficial to concentrate on the skills required to move forward with

industrialization.
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In order to produce an analysis that could provide all the required information, as accurately as

possible, these were the steps carried out:

1) Generation of the risk/complexity matrix

The risk/complexity matrix is a table used by De Nora that can provide the value added share
of each component for the company, also in relation to the final product. This matrix was
created by first relating all components to each other, with the goal of identifying the level of
complexity of each element. To do this, each relationship was given a value between 1 and 5,
where 5 indicated the relationship's greatest level of difficulty and 1/5 a component that was
significantly easier to attain than the component being used for comparison. For example, if
the component considered was a diaphragm, its ratio to a simple bush would have been 5, as
it is more complex to manufacture or engineer, while the ratio between a bush and the support
structure would have been 1/5, as the support structure turns out to be a very complex and
difficult to manufacture. For a graphical representation see below [Table 1] a sample extract

of the matrix.
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Table 1 - Risk/Complexity matrix example

It was possible to produce a quantitative output by adding up all the values provided for each
component. By calculating the deviation from the average, all values could be presented,
making it easy to identify which values might be the most complex at a glance. The result was

used to give a preliminary sense of which elements in general were the most difficult to create
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and engineer. However, the corporation was not simply concerned with the complexity of
component realization, thus for each component these following parameters were also taken

into account;:

e Expertise
For each component, work was done as a whole group with the research and
development team, as they were the people who had designed and engineered each
component. As a team, it was identified the company's level of experience and
expertise in relation to each element, assigning a value between 1 and 1.5, where 1
represented a lack of know-how while 1.5 represented deep manufacturing knowledge

of the element in question.

e Product evolution
This parameter was used to identify the potential evolution path of each component.
Rating on a scale of 1 to 1.5, each component was valued through the possibility of
that element being modified in the future to improve its performance or reduce its cost.
For this parameter, it was even more important to collaborate with the research and
development team who were able to inform the industrialization team about the latest
technological breakthroughs in this field. The aim was to give a clearer idea of which
items were most likely to evolve (whether in shape, size, or material) in the future,
giving them a 1.5, and which were most likely to be less developed and improved in

the years to come, giving them a 1.

e Effort to gain
As a final parameter, the effort the company would have to apply to succeed in
producing a given component in-house was quantified, taking into account the
company's current know-how. Using once more a scale of 1 to 1.5, components that
required know-how already established within the company were labeled with 1, while
all those components that would require large investments on the part of the company

before achieving production competitiveness were labeled with 1.5.

These three parameters, calculated as mentioned above for each component, were then added
together with the data obtained before, thanks to the matrix. The specific weight of each

number was then carefully evaluated, and a definitive value was obtained for each component.
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2)

This value represented the total complexity for the company in producing such components.
As said before, each company can decide which parameter has the highest specific weight,
these were the ones chosen by De Nora in order to understand which component would have

been the most complex. An example of the data obtained [Table 1] could be seen above.

Value added share table creation

After quantifying the company's level of expertise toward all components, in order to
complete the analysis it is necessary to structure a table that takes into account the impact each
component would have on the company and its relative cost. The value-added share represents
precisely the value added that each component would bring to the company against its relative

cost of implementation. The table was structured exactly like the example below [Table 2].
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Table 2 - Value added share table example

Each component was given a value from 1 to 5 reflecting the value added to the company.
The current level of in-house know-how and the main market demands were taken into

account for this estimation.
Similarly, with values between 1 and 5, the cost of transferring production in-house was

calculated for each component, based on the company's experience in this area, addressing

the research and development team through their knowledge and contacts with suppliers.
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3) Correlation graph
After obtaining the necessary information, it was possible to create the correlation table

between the company's expertise and the relative value added for each component. The table,

an example representation of which it can be seen below [Graph 1], is divided into 4 main

A
»
>

Expertise — De Nora network

arcas:

Value added share

Graph 1 - Correlation graph

e Buy
All the components that fall near the origin of the graph are those with a high level of
risk (and therefore low De Nora's expertise) but at the same time would bring minimal
value added to the company, which is why they are certain to be components that are

worth buying from outside suppliers.

e Make
The same but opposite reasoning can be made for components that fall in the region
furthest from the origin of the graph, so those components that would add a great deal
of value to the company were produced in-house, despite minimal risk due to the
company's high level of expertise. These types of components are certain to be

produced in-house.

34



While there is no question for these first two areas of the graph, the final two are more

challenging:

e Not Critical Unit
These types of components, such as screws and bolts, represent a very low risk for the
company (thus a high level of expertise), but at the same time they also bring minimal
added value to the company if production is internalized. Profit margins are minimal,
these types of products are in most cases worthwhile to merge with the buy, sourcing

from suppliers who specialize in the field.

e Strategic unit
This type of component, on the other hand, is referred to as a strategic unit, since it
would be a big risk for the company to internalize its production, but at the same time
it would bring great added value. Components labeled as strategic are the most
complex to manage; there is no one-size-fits-all solution, but in this case, it is up to

management to decide whether to internalize or outsource.

Outsourcing is a crucial choice for the company, as it can greatly impact business dynamics. It is in
fact an arrangement whereby one party, the outsourcee, transfers certain business tasks to an outside
party, the outsourcer, even though these could be performed, partially or totally, within the company
itself. Outsourcing can be done for any business function; in this particular case we are referring to
manufacturing. It can bring many benefits such as gaining valuable time, being able to focus on your
core business, and not having to spend finances and energy on producing non crucial items. Another
important benefit is the ability to manage the innovation process with more focus on products for
which you have stable and defined know-how, as well as better risk management. On the other hand,
however, outsourcing also presents risks, such as the lack of control over the production of one's
components or the whole sphere of security and confidentiality issues that some parts may have. In a
company like De Nora, for example, it is critical that some products and processes remain in house,

given their high level of secrecy.

Once all the steps had been addressed and the table created, a final follow-up with the product
development department was done to double-check that all the data were consistent with each other

and that the results broadly reflected what were the company guidelines.
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This type of approach, which can certainly vary from company to company, was then key to the
industrialization of the prototype. In fact, through the study of the data obtained, it was possible to
begin to outline what would have been an initial production concept structure, immediately going on
to identify the most critical components to be produced internally so as to immediately begin setting

up the related industrialization processes.
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Machine processing definition

After defining what might be the best components to produce in-house and what might be best to
outsource, the focus shifts to in-house production. The goal is to define and estimate on the potential
best equipment and production methods for the chosen components. A crucial phase in the
industrialization process is choosing the machinery needed to process the chosen resources, since

each component has different specifications in terms of shape, size and material selected.

As a team, having to deal with prototypes, it has been possible to often interact with the research and
development team and learn the motivations behind the selection of a given data, such as dimensions
or materials, so that characteristics and the relative best types of processing could be studied

completely.

In order to structure a table to summarize the components to be produced in-house, the related
processing and machinery required, it is essential to refer to the E-BOM. Even from this step, it is
clear how important it is to structure files that are as complete and accurate as possible, given their
importance for subsequent stages of industrialization. With a clear E-BOM in hand, and explanatory
CAD drawings to support it, it was possible to set up the required table. The main steps in this process

are as follows:

1. Component partitioning
Each component was divided into all its related subcomponents, if necessary. Each of these
subcomponents was analyzed, thanks to the make or buy matrix, whether it should be
produced in-house or through suppliers. Despite the make or buy analysis this step is
important since some externally purchased subcomponents could be used to assemble a

module that the company wants, or has to, produce inside.

2. Processing selection
The most suitable type of processing was then selected for each component. The main factors

taken into consideration were:
o Material

Some materials must be processed using specific methods, have specific qualities, and

most crucially, need to be provided in a certain way. Therefore, it is important to study
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the type of material and its characteristics to select the most suitable machine for
processing.

e Shape
Some components, especially larger ones, need to be processed multiple times or
require a greater processing area. Especially for these components it is important to
consider all the critical aspects, even from the perspective of handling logic.

e Dimension
Just as with shape, the dimensions of components must be analyzed with great care.
Some machining cannot be applied to certain thicknesses of material, just as other
components may need to be allocated in particular work areas.

o Weight
Another key factor is the weight of a component. Since a component may require
numerous machining processes, it is crucial that the machinery is correctly equipped

when running the transportation.

3. Machinery draft selection
The initial broad selection of machinery is a process that is essentially parallel to determining
the type of machining required for each component. It is critical to start developing an
understanding of the potential applications for the machines, particularly in order to assess

their size and start developing the initial logistic concept.

At this early stage it is already possible to begin to understand how the role of industrialization within
the company is highly cross-cutting. It is also essential to always work with an eye to what the next
steps will be, generating a single flow of interconnected information. For example, during the
selection of machining operations, it is important to start thinking about what the flow of materials
within the factory will be, so as to best optimize the selection of machinery and related materials for

these operations.

In relation to this, our group had to concurrently work on the first draft of the machinery list that
would eventually be included in the Capex budget. Funds used by a business to purchase, maintain,
and update tangible assets like land, buildings, or machinery are known as capital expenditures
(Capex). A corporation compiles a capex list when launching new projects or make any new

expenditures that exceed a certain amount. Companies make this kind of financial investment to
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broaden the scope of their activities or to add some sort of economic benefit to the company (Jason

Fernando, 2022).

Having to draw up a first draft of the cost of the machinery needed for the selected processes, as a
team we were able to start researching, with the support of the procurement team, the machinery on

the market.

The company's desire has always been to create as automated a system as possible, which is why an
initial research and cost analysis of highly automated machinery was essential. It was necessary to
understand whether the selected working machines could match both the level of automation required
and an initial draft budget provided. Once it was understood what work will be needed and in principle

what machines might be essential, as a final step it was critical to structure the sequence of operations.

Electrolyzers, being very complex products, require numerous machining operations and assembly
sequence, which is why it is even more important to understand exactly which components need to
be machined first and which later. Having a clear idea of what the machining order will be becomes
crucial for defining the factory layout as well. To best understand the sequence of processing, it was
necessary to analyze mainly all those components that required the assembly of multiple components,
with additional processing cycles. Once they were identified, it was essential to unpack each
processing, dividing subcomponents procured from external suppliers from subcomponents produced

in-house and then to be dedicated to assembly.
Having a clear idea of how the components and related workings are interconnected allowed for a

much broader view and laid the groundwork for an initial definition of layout, such as the Value

Stream Map, both of which will be analyzed in more detail later on.

39



Activities Relationship Chart

After identifying the workings needed and getting an initial idea of what machines might be
necessary, as mentioned earlier, defining how the machines interact with each other and what the
order of the various workings rapresent a crucial step. It is therefore important to formalize this
analysis, while also going to focus on the relationship between the various work areas and all areas
dedicated to other functions, such as the space dedicated to maintenance or corporate offices. To get
an idea of how the areas interact with each other, and thus begin to lay the foundation for structuring

a factory layout, it is necessary to build an Activity Relationship Chart (ARC).

The Activity Relationship Chart is used to express the relationship between a pair of activities on the
shop floor of an industry. Activities may be machines, departments, offices, storage, etc of the
industry and the relation between activities may have different grades of desirability. The relationship
between all the elements is represented with ratings, called closeness rating. Each closeness rating
shows how important it is for a work area to be close to another, or why two different activities must

be separated. There are six different closeness ratings:

e A: Absolutely necessary
e E: Especially important

e [: Important

e O: Ordinary

e U: Unimportant

e X: Prohibited or Undesirable

If two departments have an A relation, it means that it is Absolutely Necessary to put these closer to
each on the shop floor. While E relation means that it is Especially Important to put these closer, and
so on. Closeness ratings present an ordered preference for closeness. Most important rankings are X
rating and A rating, so it is important for any layout to satisfy these two ratings first. E is the second
value that need to be assigned, I is third, and should be satisfied as much as possible, without losing
A, E or X scores. O grades are always fourth, and should be fulfilled only after A, E, X, or I grades.
Finally, for all those pairs of work areas for which it is indifferent whether they stand far apart or side
by side U is used, irrelevant for the purpose of structuring a factory layout. For each pair of work
areas, it is also necessary to define the motivation for the related closeness rating. The different

justifications are divided into 10 main points:
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Flow of materials

Supervision & visual control
Shared personnel

Shared equipment

Common space and environment
Utilities and piping
Contamination

Safety

A e A R e

Convenience

10. Appearance

For the definition of this matrix, the team met again with the research and development department
to define the major critical issues. Certainly, the main focus was on safety issues, the most important
section to take into account when assembling an electrolyzer. Once the safety guidelines were
defined, the relationship between the most sensitive and highest risk areas was appropriately marked
with an X, as worker safety is the number one priority for the company. Subsequently, respecting the
above order, all remaining boxes were filled in, giving priority to machines connected by continuous

flows of material between them (A rating).

Completing this matrix thus allowed the relationships between the various work areas to be
formalized, providing a clearer interpretation of the layout drafts partially structured during the work

definition phases.
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Cycle Time and Gap Analysis

Once the relationships between the various work areas and the related work required for each machine
have been defined, it is necessary to approach the timing issue. In order to do this, it is necessary to
structure an analysis that encapsulates as accurately as possible all the calculations of the relative
timings for production. The tools that were used specifically were the Cycle Time analysis and the

Gap analysis.

The Cycle Time Analysis (CTA) is a technique that examines the total length of time an activity needs
to complete its cycle. It is measured by the amount of time that an input to a business activity requires
to be transformed to an output. Where a process consists of multiple activities, the cycle time for any
given activity is the time between previous activity completion and current activity completion
(including any time between the completion of one activity and the start of the next activity).
Moreover, it is a technique used to analyze value streams in order to find chances for innovation and
to accomplish continuous process improvement. The actual versus theoretical time-to-completion

disparity is examined in CTA, which is an application of "actual delta theoretical," or "A delta T."

Cycle time analysis has the advantage of offering a structured approach for locating non-value-adding
operations in an activity pipeline. It enables a comparison of actual to desired or theoretical metrics
by allowing the identification of current time-to-completion measures for an activity workflow

(Projectmanagement, 2017).

As anticipated before, in addition to determining cycle times, it is absolutely crucial to analyze and
characterize the gap between present performance and planned future goals through a process known
as gap analysis. This specific analysis is presented using a variety of methodologies, which can

include:

e The difference between the current operation of an activity and the prospect of an activity,
referred to as "C delta V" (current gap vision)
e The difference between actual and theoretical targets, referred to as "A delta T" (actual gap

target)

Differences might be articulated for specific and core sets of activities, such as logistics, purchasing,

product development, or customer engagement. The "C delta V" method can be used to condense the
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findings of a gap analysis. A set of activities' possible improvements should, in general, meet the
requirements for the business vision as a whole, but they should also be as explicit as possible with

regard to company’s goals and metrics.

The purpose of gap analysis technique is to compare the activity performances to theoretical targets
or prospects and also provide a base for comparison of different performances. Within the company
it was mainly used to compare estimated timelines with those dictated by customer requirements.
Therefore, it was important to optimize processes and handling as best as possible so as to minimize

waste and inefficiency (Projectmanagement, 2017).

In order to generate a file that could clearly express all the timings associated with the processing,
including masked times, it was necessary to unpack each processing cycle first by component, and
then by individual action. For each component, the time for procurement and handling of the raw
material needed for processing was initially defined, mostly estimated as masked time. Masked times
define actions that occur in parallel with other actions; the reduction of a masked time, without the
reduction of its parallel, does not lead to changes in cycle time. After calculating the preparation time,
the actual time for processing was then estimated. In order to provide an estimation of the cycle time
of machines that were not yet working, it was necessary to consult with the company's production

department, which was able to provide valuable help in defining these timings.

Within the file with the calculation of cycle times, the following parameters were defined for each

component:

e Operation Number
It is important to define the number of each individual operation so that you can refer to it
much more quickly once it is decided to review the document. It is also important to keep
track of each step.

e Action
Defines the actual action, must be concise but sufficiently explanatory.

e Work Center
Needed to define the macro work area for that particular processing (es. “warehouse” or

“Laser machine”).
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o Quantity
In this particular case, as a team choice in the face of requests from the company, it was
decided to also include the quantities needed to be produced in order to complete a finished
product. This provided an idea of the most time-consuming processing.

® Activity time
Actual calculation of cycle time, divided into man time (MAN) and machine time (MAC).
This division is crucial since it allows immediate understanding of which processing will
definitely require more manpower, resulting in more personnel needed.

e Notes
Needed to keep track of all sources from which data were collected and for any eventual useful

note.
With this table it was therefore possible to calculate and keep track of both the time needed to make

a single component and the time needed to produce the final product, while also keeping track of the

quantities needed to complete a finished product.
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Workload calculation

The calculation of cycle times, in addition to providing an idea of the lead time of the entire
production flow, is used as one of the parameters necessary to estimate the personnel required for
such processing. When aiming to estimate the number of personnel needed, the full-time equivalent

approach is the most commonly used.

Full-Time Equivalent (FTE) is a method that is frequently used both for measuring uniquely the
number of employees in a company and for sizing them as effectively as in staff planning. FTE is
mainly used to indicate the effort expended or planned to carry out an activity or project in terms of
full-time resources. FTE is in fact equivalent to a person working full time, regardless of the type of

employment contract (Wikipedia, 2022).

Full-time equivalent (FTE) is calculated by dividing the employee's scheduled hours by the
employer's hours for a full-time workweek. Employees who are scheduled to work a 40-hour
workweek are considered 1.0 FTEs by the business. A 0.5 FTE employee is one who is scheduled to
work 20 hours per week. Instead of counting employees, FTE calculations count hours worked. One

FTE could be one of four employees. A 1.0 FTE would be four 0.25 employees (SHRM, 2019).

The parameters provided for calculating FTEs can therefore vary from company to company. The

following data were considered for the prototype analyzed so far:

e FTE hrs/day: 7.5 hrs (FHD)
e Overall FTE Efficiency: 80% (OFE)

Having obtained the amount of daily hours divided by the first hypothetical years of production, the

number of FTEs needed could be calculated using the following formula:

FTE Hrs required daily 1
*
FHD OFE

FTE required =
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3 shifts for 5 days a week were considered for the FTE, to make the best use of the daily machinery
shift. However, in addition to calculating the necessary direct FTEs, the following categories were

also taken into account:

e Plant management
It is necessary in each plant to take into account the personnel prepared for management,
responsible for the operation of the production department

e Logistic
The figure of the logistics manager is very important, especially when large quantities of
material must be handled

e Maintenance
Maintenance is a central activity, especially in a factory with a high rate of automation. It is
also critical that maintenance be efficient in order to increase plant productivity

e Planning and purchasing
It is crucial to have individuals at the plant who are in charge of sourcing and procuring raw
materials since the quantities of product required will certainly increase during years. Having
a resource to control the facility in person will make information exchange more rapid, saving
the business important time.

e Process engineering
A process engineer independently carries out the activities of analyzing and monitoring
production processes: identifying interventions aimed at optimizing processes and plants, in
terms of overall efficiency, quality, flow effectiveness and operating costs. Such a figure is
therefore central to process and service optimization.

e HS&E
HSE stands for "Health, Safety & Environment”. The person in charge of overseeing such
issues within the ecosystem of business activities and procedures is the HSE Manager. The
duties of an HSE include managing safety and environmental protection systems, preparing
and updating all documents required to fulfill safety and environmental obligations, and
preserving relationships with the proper authorities and certifying bodies. It would be vital to
have such a function inside the organizational hierarchy because he is also a key person for
compliance with all firm safety requirements.

e HR and finance
Together with firm management, the HR department determines the necessary profiles,

chooses resumes using different systems, assesses applicants, and manages all the paperwork
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required for recruiting. On the other hand, a business's finance department is the division in
charge of collecting and managing all financial resources on behalf of the company. In
addition to ensuring that operations function smoothly with the fewest interruptions possible,
the department manages income and expenses.

These two positions were solely taken into account as indirect employees who were not
directly working for the corporation. These tasks are frequently decentralized or outsourced

that’s why they were only marginally taken into account.

Similar discussion was also set up for the calculation of the number of machines needed as the years
increase and thus as the product quantities required. Different, parameters were used to calculate the

machinery needed:

e Machines hrs/day: 24 hrs (MHD)

e Overall Equipment Effectiveness: 80% (OEE)
OEE is a dimensionless quantity with a range of 0 to 1 that is frequently stated in percentage
points. It outlines three main elements—process availability, efficiency, and quality—that are
crucial from the perspective of production control. Due of the lack of machinery availability

in this specific circumstance, an estimate was made in advance (Lean Company Consulting,

2022).

Having estimated these parameters, it was then possible to calculate the number of machines needed

through the following formula:

Machines Hrs required daily 1
*k
MHD OEE

Machines required =

Each operator was estimated to be able to follow up to 4 machines of the same type simultaneously.
By then dividing for each type of processing the number of operators needed, taking into account the
3 shifts, and the number of machines to be worked on, it was possible to obtain an accurate estimate

of the working load required to start production.
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Value Stream Map

One of the tools required to effectively manage the industrialization process is the specification of
the various types of processing as well as the estimation of cycle periods. In order to design a
production process that may be as efficient as possible, it is essential to collect all of this data. Having
said that, it is impossible to undertake the optimization process required to improve the structure and
execution of one's own production process without adequate management of all these resources. The

Value Stream Map is an essential tool for organizing and visualizing this data.

It's crucial to first recognize what a "value stream" is in order to comprehend value stream mapping.
A value stream is a series of actions that take place in order to deliver the good or service that clients
want or require. Every business has a set of procedures that it must follow in order to deliver the good
or service that clients want. We can learn more about these processes through value stream mapping,
as well as where value is added and where it isn't, and, more significantly, how to enhance the overall

procedure.

Value stream mapping (VSM) is a lean manufacturing technique to analyze, design, and manage the
flow of materials and information required to bring a product to a customer. Also known as "material
and information-flow mapping", it uses a set of common symbols to represent different work streams
and information flows. To identify and eliminate items that don't provide benefit, the value of each

item is mapped by considering whether it adds value to the customer or not.

Any process with repeating phases, and particularly one with numerous handoffs, can be improved
via value stream mapping. For instance, ineffective handoffs result in low production and inferior
quality. Value stream mapping assists in waste detection and production process optimization. Value
stream mapping can be produced for each unique good or service offered by any kind of business and
applied to the flow of both the product and the client. Product flow focuses on the actions necessary
to maximize the delivery and completion of products. The procedures necessary to fulfill end user

requests and expectations are the main emphasis of the customer flow (Juni Mukherjee, 2019).

Each value stream map typically has three key sections:
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1)

2)

Information flow

This section demonstrates the data transmission and exchange of process-related information.
One of the primary reasons for inefficiency at manufacturing sites is the effective flow of
information between the units involved. A significant competitive advantage for the business
is having a defined structure for what information is to be shared, how it is to be shared, and

most importantly, with whom.

Product flow

The steps of the development lifecycle, from concept to delivery, are mapped in this section.
The core of VSM is the product flow. Each process is broken down into smaller parts,
examined separately, and connected to the procedures that come before and after it. A set of
important details surrounds each particular process. The most valuable and sensitive data is
determined by each firm and may differ across various manufacturing lines (Plutora, 2022).

The following are some of the most popular indicators:

e C(Cycle time
It represents the frequency of units/features produced or the average time between the

completed production of one unit/feature to the completed production of the next.

e Set up time
Amount of time required to prepare the machine for processing. Therefore, it is
important for any processing to reason about all previously defined timelines even as

masked times.

e Up time
It is the percentage of time the machinery is actually up and running. It is very
important to calculate your Uptime to be able to quantify the dead time between
processing. This data provides an idea of which sectors are the priority areas to start

improving on and can be calculated as:

Uptime = [ 1 — (total downtime / cycle time) | * 100
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e [eadtime
It measures the typical time required for one feature request to go from conception to
delivery across the whole development cycle. It thus represents the sum of all
processing times plus handling times (masked time). The action with the longest cycle
time should be chosen for lead time computation if many actions are occurring

simultaneously.

e Takt time
It’s the rate at which you need to produce your products in order to meet customer

demand and can be calculated as follow:

) available working time per shift
Takt time =

rate of customer demand per shift

3) Time ladder

The value stream timeline is represented visually by the Time Ladder. The time that a feature
typically spends in line or waiting at each stage or gate in the process is shown in the upper
portion of the time ladder. The lower part of the time ladder displays the average amount of
time spent actively developing each feature, or more particularly, the time when value is really
provided to the feature or product at that particular stage. This section outlines the steps that

will take the most time and gives a broad sense of the lead time for the entire procedure.

As it can vary from company to company, according to requirements that may arise from product
specifications, special needs or simply suggestions from production managers, the value stream map
is a tool applicable to any industry. Despite its modularity, however, the elements just seen represent

the basis from which to start, the core pillars necessary for the tool to be useful and effective.

Within the company, a value stream map was requested and deemed essential to get an even clearer
idea of the flow of various materials between processing stations. In addition, through this tool it was
possible to order the various processes, obtaining a much clearer and more precise idea of the

complete process lead time. The following are the main steps followed by the team:
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1)

2)

3)

Processing GANTT creation

For machining operations that needed multiple steps, necessarily to be performed in sequence,
it was useful to structure a GANTT. Dividing all the activities and arranging them allowed a
clear visualization of the processes that needed to be organized and represented through the

VSM. An example of the table can be found in the annexes [Annex 3].

Structure creation

Once there is a clear idea of what the processes are and what their order is, it is possible
structure the actual VSM. Each processing is encased in a box, which will show the most
important data for the company. This type of representation allows the blocks to be easily
interchanged in case there is a need to change their order. Each block containing a machining
is then linked to the next by arrows that indicate the movement of the material or component,
it is important to define a priori the level of detail required in defining the machining
operations, since for example an assembly sequence can be identified as a single machining
operation or subdivided into all its subphases. Each processing group was also, when

necessary, highlighted according to the final component it was intended to produce.

Definition of relevant data

As mentioned earlier, VSM is mainly used to represent the flow of materials and information
within a production process, as well as the calculation of its relative lead time. For the purpose
of the industrialization of the prototype, it was decided to create an integrated VSM with the

calculation of necessary FTEs and machines. The parameters considered were:

e C(ycle time

e Set up time

e Processing up time

e Number of machines
e FTE per shift

e Number of shifts

It was decided to also include the calculation of FTEs and number of machines to provide, at

a glance, an even more complete picture of the total production flow requisites.
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4) Inbound and outbound material flow structuring
Fundamental within a VSM is to include inbound and outbound material handling. With
regard to outgoing material, such as finished product, it was helpful to confront the purchasing
department in charge of sales management to interface and align on timing. Promised
quantities for sale were provided so that the average amount of products to meet requirements
could be calculated. Talking about a prototype was intended to leave a margin for error, but it

was still very helpful to have an idea of what the required volumes would be.

On the other hand, with regard to incoming materials, a list of all the suppliers used so far was
first compiled. Then, for all the materials needed, the quantities needed to meet the
requirements were calculated, trying to align with the contracts already in place between the
company and suppliers. It was also crucial to reason about the type of material provided, in
what quantities and according to format and size. Each incoming material stream was then
accurately linked between the reference supplier and the reference warehouse or machine, to
have an easy-to-understand graphical representation able to facilitate all the optimization

reasoning.

5) Information flow structuring
Fundamental within a VSM is to organize the flow of information between the various actors.
All information is managed by a control unit that must be identified. In addition to the various
actors, it is also important to define which information is shared, with which other sub-
departments and how the information is transmitted. Being suppliers and customers among
the main actors involved, accurately defining the necessary flow of information is important
to be aligned as clearly as possible with the actors outside the company who interact with the

total process.

In addition to these structural elements, it was decided to add other data to this map. In order to better
suit the needs of the business, the more traditional value stream map was enhanced with new values.

The main changes included:

e Number of machines needed
By entering the number of machines needed for each machining operation, it was immediately
possible to identify the most critical steps, as they were more heavily loaded or had slower

machining operations.
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e Number of FTE and shifts needed
The number of employees involved, and the number of shifts required, allowed for the
identification of the amount of work required to start up an efficient production process. These
factors are also very helpful to start developing a concept for the structure of a production

layout.

e Number of items to be produced
By dividing the number of components to be produced for different years, resulting in ramp
up, it was possible to add in the VSM the quantities to be produced as the years changed.
Having worked on an electronic spreadsheet, it was possible to link to the increasing years
with the relative number of components needed, for each process, and with the relative

transitions of production steps.

A sample excerpt of the instrument just discussed can be found in the annexes [Annex 4].
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Spatial Relationship Diagram

An area's potential future spatial growth can be investigated or shown using a spatial diagram, often
known as a spatial plan. It illustrates how extending and developing spatial applications and
infrastructure may form a a plant, and how a development concept is communicated as tangible
spatial features. It takes creative and original thinking to create spatial diagrams. The output of other

industrial plant's analytical methods is frequently used as inspiration for creating a spatial diagram.

A spatial diagram can help with judgments on the future settlement pattern and the areas that should
be developed with the highest priority. To avoid getting too specific, the diagram uses approximate
scales. Once a choice has been made to execute specific diagram parts, more detailed land use plans
are created. A spatial diagram is intended to be a flexible model that may give urban planners and
decision-makers advice and information in order to maximize investment (Designing buildings,

2020).

Through the use of a spatial relationship diagram, it was therefore more immediate and efficient to
organize the machines areas and their relations. As first step, blocks were created to summarize the
task performed in that particular work area. By optimizing the number of workings areas, it was
possible to reduce the space needed as well as the space for material handling. This was achieved by
bringing together the same machining operations but for different components therefore optimizing
the flow of material and the time required for machining, the workload of one machine could thus be
completed by machining other components. By alternating machining components with the minimum
frequency, it was possible to save many machines while optimizing work areas. In this specific
situation the spatial relationship diagram was created using VISIO, a program that helps visualize
data-connected business process flows with integrated features. An example of a spatial relationship

diagram can be found below [Figure 6]:
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Figure 6 - Spatial Relationship Diagram example

After defining a spatial relationship diagram the first draft of the layout of the production department
is generated, necessary step being the prototype considered so far was still at an earlier stage of
development. Instead, in the following chapter, the tools used for the industrialization of the second

prototype will be analyzed.
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Prototype B - higher maturity level

After defining the approaches and methods used to industrialize the first prototype, a more advanced
set of tools used for the industrialization of the second prototype will be analyzed. For this second
prototype, totally different methods were used, much more focused on the development of the layout
and the implementation of the prototype in a possible production facility. Main advantage of having
been able to work on two different products is that applying different methods has enabled me to

work on the industrialization process in a 360-degree way.

Through the work done on this prototype, it was possible to study more closely some of the steps
involved in organizing and designing a production plant. It was very useful to work alongside various
departments working and making gradual changes while achieving common goals. Many of the tools
used were similar to those highlighted earlier but being able to also focus on different stages of
development, following the application of these more advanced tools, has been useful for a greater

understanding of the role of industrialization in relation to all other business functions as well.
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Systematic Layout Planning

Every industry needs a specific location to conduct its business and set up various physical
infrastructure, such as machinery and equipment. To accommodate these demands, it is necessary to
structure a layout: the layout of an industrial plant is the formalization of the study of the arrangement
of departments and services in an area used as an industrial plant. The creation of such a layout is the
result of an engineering study comparing different configurations and making decisions related to the
physical arrangement of all available resources in the production system that occupies space in the

range of a facility is called layout planning (Studios guy, 2020).

The ideal physical arrangement of all resources that require space within a facility is determined
through layout planning. Any time there is a change in the arrangement of resources, such as the
addition of a new worker, the relocation of a machine, or the implementation of a new procedure,
decisions concerning the resource allocation in a firm are made. Layout planning is not only used
when a new facility is being developed but, additionally, it is done if there is a facility expansion or

a space decrease.

The organization of resources in a facility can have a big impact on how productive a business is. A
bad layout can cause a lot of time wastage, effort, and confusion. The importance of layout planning
can also be attributed to other factors, such as how it can help colleagues communicate better and

boost information flow (O’Reilly, 2022).

By maximizing production and minimizing production costs, plant layout primarily aims to increase
productivity and employee happiness. Layout planning should be adaptable so that it can be modified
in response to new production processes and techniques. All relevant production system stakeholders,
including managers, employees, and supervisors, should have their needs met by the layout. Plant

layout has so the following objectives:

® Maximize system productivity

® Maximize plant/machine utilization

® Minimize material handling

® Minimize inventory volumes, semi-finished goods, products

® Maximize flexibility of production processes

To meet these goals while producing quality work, it is critically important to approach it

methodically. To this end, together with the team, it was decided to use the hierarchical level
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approach. This method involves breaking down the layout into several layers. In the first levels, the
general layout is sized, then work areas are dimensioned respecting the parameters set and as levels

are added, machining groups and areas not strictly related to production are positioned [Figure 7].

Figure 7 - Hierarchical layout planning approach example

This method is used to reduce the complexity of planning to a reasonable degree, resulting in reduced
time for planning and organizing the workspace. Furthermore, better solutions can be achieved in the

same amount of time.

With the team, it was then possible to begin structuring the first levels of the layout beginning with
the selection pf the type of layout to be designed. There are various layout patterns, the main ones

being:

e Product Layout
This layout is characterized by low variety, often traceable to a single product. This is made
in large daily volumes, such that a dedicated layout is justifiable. This type of layout matches
very well with automation and has its origins in the early forms of mechanization typical of

in-line mass production.

e Fixed Layout
While the single unit product remains stationary machines, equipment and resources generally
move for the execution of the work cycle and programs. This is the typical layout solution

adopted in construction sites or whenever large products are managed.
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e Process Layout
This layout organization is characterized by a wide variety of products and low-to-medium
volumes, unable to justify dedicated production lines. The arrangement of machines and
equipment follows the "functional," or technological, criterion being grouped by technology,
while resources of the same type are grouped in one department. Also, various products or
subproducts move from one department to another in accordance with their manufacturing

cycle organization.

e Multi-cell layout
The production volumes of a discrete multiplicity of products do not justify dedicated lines
(layout by product), but neither are they so small that they necessarily require processing by
departments each characterized by a homogeneous technology. Grouping different but similar
products into relatively homogeneous groups gives the product the opportunity to be
processed by production cells, composed of different machines and equipment, by limiting

intercellular flows and raising intracellular flows (R. Manzini, 2019).

Given the nature of the prototype and carefully analyzing its features and dimensions, a layout that
was a hybrid of the models just seen was opted for. In this specific case, the product layout seemed
the wisest choice from to start with, having the protype large size and great wight. Moreover, all of
the many components that were selected to be produced in-house were organized in bays brought
together by processing, a typical trait of the multi-cell layout. The initial layout idea that was devised

thus represents a combination of product and multi cell layout.

Initially, no limitations regarding the lot dimension were given, which is why as a team it was possible
to begin immediately to work on the macro processing areas organization. Before approaching a more
rigorous structuring of the various sections that would constitute the layout it was fundamental to
prepare a set of alternatives. The purpose of these versions was to offer several possibilities, from a
variant variant that almost completely outsourced production procedures, to one that featured all the
individual machining of components (or "Make" components). Three different scenarios were then

hypothesized:
1) Assembly focus

In this particular scenario, the industrialization team opted to keep only assembly, the most

delicate process, in-house. Instead, it was decided to outsource all production processes,
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relying so on external suppliers for each component. This solution features, in addition to

assembly bays, a large warehouse for materials management.
2) Partial production

Along with keeping assembly in-house, this layout concept comprehends the internalization
of the production of some crucial component. It was decided to produce internally those
components that would most give a possible competitive advantage to the suppliers, defined
therefore as critical units. Obviously, in this solution too, an appropriate storage facility was

sized to meet the needs.
3) Allin

In this third and final solution, instead, it was proposed the internalization of all components
classified as "make" by the Make or Buy matrix, as well as the necessary assembly area and

warehousing.

The most interesting part of creating these three scenarios is the fact that they are designed in
modules. Using a modular structure allows great flexibility and adaptability, allowing also the
transition from one solution to another. For example, when building a "ground zero" plant, possibly
due to lower amount of product required, there will always be the possibility of expanding it, by
adding modules, until the "all in" scenario is reached. Therefore, by purchasing a larger plot of land,
with these modular scenarios it is possible to cope with demand without having to, as early as the first
few years, build a plant that would risk being idle for much of the time. The possibility of reducing
waste by maximizing the utilization of the factory was one of the main benefits upstream of the

drafting of these variants.

Although they are very different from each other, both in terms of space covered and characteristics,
each of these 3 scenarios has a common section, which has been defined as so critical that it cannot

be outsourced under any circumstances: the assembly area.

Assembly procedure

When it comes to electrolyzers, surely the most delicate stage of the manufacturing process is
assembly. The assembly of an electrolyzer, as explained earlier, requires a lot of time and numerous
steps and also the presence of human operators is always necessary since many steps are too complex

to automate. In defining the layout and its various alternatives, the team then began to size and
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structure the space dedicated to the assembly bay. To do this, all individual steps were carefully

analyzed by going to identify for each one of the components to be assembled, the mode of assembly

and the relative space required. The steps below were followed:

1)

2)

3)

Management of structural components

These components, of greater weight and size, represent crucial unit regarding handling. Since
they are components that a single operator cannot carry, it makes sense in the sizing phase to
start reasoning about how they will be moved, whether through multiple operators or using
dedicated machines. For elements that are not too heavy, in this case, AGVs or forklifts could
be used, while if the dimensions exceed a certain limit, the use of an overhead crane is

necessary, which should eventually be included in the design plan.
Management of minor components

Many of the elements that for electrolytes are small and certainly therefore easier to handle.
However, it is essential to plan the procurement of these components as well, since they must

never be missing during assembly if the process need to be as lean and efficient as possible.
Assembly modes

Each component having different weights and sizes, and especially having a certain assembly
method, can be assembled together in different ways. For the more delicate components, it
was necessary to include human operators, being the only resource able perform those tasks.
For heavier components, on the other hand, the solution identified were collaborative robots,
since this solution allowed collaboration with all the working operators, due to the necessity

of collaboration.

Collaborative robots, or Cobots, are anthropomorphic robots with six-axis movements
designed to meet safety, flexibility and compactness criteria and designed to work closely
with the operator even without protective barriers around them. Cobots can be used in
situations where they must work in close proximity to the operator thanks to their numerous
safety measures, which include adjustable time and stopping distance. Cobots are typically
implemented (following a risk analysis) without the use of protective barriers, resulting in a
sharing of space and tasks that has completely changed how industrial robotics is understood.

Many businesses that employ cobots on a daily basis have already adopted them as a secure
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solution. Cobots are the best option, especially in situations involving close operator

collaboration because of their enhanced flexibility and acceptable level of protection.

The goal of this careful planning, in addition to optimizing the entire process, was to analyze the
times needed for each sequence in order to reduce them, investigating new solutions. The assembly
sequence in fact, being the most complex process, is also the one that, by far, requires the most time.
Through the process of optimization of some passages a great gain was obtained by the company,

reducing the cycle time of its process bottleneck.

Finally, for each of the 3 scenarios, the relative number of FTEs was calculated. Taking into account
some fixed and necessary elements, cycle times and the number of parts to be produced were used to
calculate variable FTEs. The result was an increase in FTEs from the "ground zero" scenario to the
"all in" scenario even though, involving assembly a good percentage of the time and resource

necessary, the growth of the curve was not as steep as expected.

Once the 3 different layout variants were identified and sized, the team focused on choosing the
optimal solution. This choice is obviously very important since, even if the 3 variants are modular
and scalable, the amount of initial investment must be very clear and defined to the management

(Richard Muther & Lee Hales, 2017).
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Factor analysis

To assess which one of the solutions was the most suitable, the factor analysis was used. By using
factor analysis, it is possible to simplify your study data by reducing the number of variables it
contains. According to the theory, there are deeper influences that shape the fundamental ideas that
underlie your decisions, and you can identify and address these influences rather than the secondary
variables that emerge from them. "Dimension reduction" is another name for factor analysis. The
"dimensions" of your data can be broken down into one or more latent variables, often known as

unobserved variables.

In this particular case, factor analysis was applied to the choice of the most suitable factory layout,

by following the below steps:
1) Identify the Plans to be Evaluated

As mentioned earlier in this case the elements to be analyzed are 3, and represent the versions
of the layout: assembly focus, partial production and all-in. In this section, it is important to

have sketches of the layouts up front, in order to visualize them quickly.
2) Establish the Factors or Considerations

This step defined the most important variables, or factors, to be considered. Factors that were

taken into account in light of the study's objectives and business requirements, listed below:

e Market maturity

Market maturity expresses the life cycle of any market. It divides this path into four

main stages:

e Introduction
At this early stage, the space within the market has just been created, so
demand is still very low as people are not yet aware of the new product market

entering.

e Growth
In this time frame, demand begins to grow, the market therefore evolves,

probably increasing any competitors accordingly.
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e Maturity
This stage represents the maturity of the market, demand is consolidated, and

the market is structured.

e Decline
This stage can take a long time before it overtakes. It is determined when the
product in question becomes obsolete and demand shifts to other solutions or

more updated and efficient versions.

The analysis of market maturity, with the support of the relevant departments, made it
possible to structure a qualitative chart that generally identified which solutions were
best in regard of different levels of maturity. Such chart [Chart 1] allows at a glance

to get an idea of the market needs and characteristics of each solution.
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Chart I - Market maturity chart
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e Product maturity

In this specific case, regarding product maturity, it was qualitatively defined how the

prototype was able to meet the following two parameters:

o Requirements satisfaction level

Closely working with R&D team, the most important features of the prototype
were identified and then the percentage by which they precisely met the

previously drafted LoR was calculated.
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The requirements list (LoR) represents a document drafted at the beginning of
the product development journey that identifies what the most important

requirements the product must have.

o Manufacturing readiness

This indicator shows the readiness level of the company in regard of the
process of components internalization. Through a qualitative estimation, the
list of necessary processes that could be internalized was redacted. Relating it
then to the company's current know-how, it was then possible to estimate

which components of the prototype were actually ready for internalization.

e Production volumes

By analyzing the estimated demand and taking into consideration the number of
machines and FTEs needed, it was calculated what was the best possible scenario as

the quantities to be produced varied through the years.

o Expertise/benefits ratio

Through a qualitative analysis, both the company's level of expertise and the cost-
benefit ratio related to production were considered and thanks to an alignment with
the competent teams, the graph below [Graph 2] was outlined. The graph is intended
to depict what the best layout option should be in the face of a given level of

cost/benefit relative to business expertise.
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Graph 2 - Expertise/benefits graph

e Supplier scarcity and distance from infrastructures

Through the analysis of suppliers and their availability, it was possible to define for
each scenario the best relative solution. The same method, assuming the construction
of the factory abroad, was used to estimate the degree of availability of infrastructure
or the impediment of possible customs barriers. It was clear that the first scenario,
assembly focus, relying completely on material supplied, was also much more

constraining in the selection of the target location.

e Distance from company network

As in any multinational company, proximity to the company's network is a competitive
advantage, as the exchange of know-how, and generally the ability to benefit in
exceptional cases from other factories of the group, allows the plant to grow faster

while reducing inefficiencies.

3) Determine the Relative Importance of Each Factor

Each factor must be evaluated and weighed in order to assess the results meaningfully. In this
particular case, more consideration was given to data related to the prototype, as its maturity

and relative volumes.
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4) Rate Each Factor for Alternative Plans

It is crucial, of course, that each of these factors is applicable to all the variables being

considered, otherwise the analysis loses its meaning.

5) Evaluate total results obtained

Once all the data and opinions have been collected, it is essential that they be put down on
paper to evaluate, according to these factors, what is the best solution. In this particular case,
where the different solutions are scalable due to their modularity, it was also necessary to

define when and what degree of expansions might be needed.

Through the application of this methodology, even if relying more on qualitative rather than
quantitative data, it allowed the company to have a clearer idea of what the different options available
were and especially in what time frame it would be most profitable to implement them. Moreover,
the modularity of such solutions provides the possibility for possible future changes, allow waste and

construction costs to be minimized.
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Smart factory structuring

In order to optimize business processes by streamlining the proposed production layouts, it was

decided to implement computerized systems capable of making the plant into a real smart factory.

The term "smart factory" refers to the application of various digital technologies to dynamically
coordinate human resources. processes and other aspects of the surrounding environment, such as
equipment or parts. The supply chain can be coordinated and synced with smart factories to increase

value and efficiency for all parties.

To implement this digitization, it is necessary to apply data tools to achieve the desired results.
Nowadays there are numerous solutions; however, having analyzed the company's priorities, the

following use cases were chosen:
e Internet of things

Internet of things, or IoT, consists in deploying a network of sensors to collect critical
production data and use cloud software to turn this data into valuable insights about the
efficiency of the manufacturing operations. It is possible to implement this solution through
numerous tools, here are just a few that have been selected:
e Remote monitoring of production
Embedding production equipment with sensors allows for remote monitoring of their
rate of production with respect to inputs, labor, and cycle times.
e Predictive maintenance
Vibration, humidity, and other types of sensors constantly give data that can be
analyzed for predictive maintenance.
e Safer work environment
For example by using HVAC sensors to ensure healthy air quality, light sensors to
ensure a proper workplace illumination supporting power consumption reduction,
human presence sensor to avoid employees presence in unsafe areas
e Workforce efficiency
Smart wearables, such as industrial smartwatches, could transfer data between the
machinery and personnel in real-time. If an assembly line goes down, the smartwatch
automatically alert the maintenance staff and production control for workload

readjustments.
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e Manufacturing execution systems

Manufacturing Execution Systems (MES) enables to track, control and monitor the
transformation of raw materials to finished goods enabling a full control of the overall
manufacturing network. Of all the possible applications of this system below are that have

been selected:

e Scheduling
A well structured scheduling provide a global view of the planned production orders
and their production routing, including electronic job cards

e Staff and resources management
It helps define and track the status of each resource associated with producing the
production unit (production tools, machines, breakdowns, material shortage, etc.)

e Production tracking and product traceability
Through MES it is possible to manage the bidirectional flow of production data in real
time between an eventual ERP and the workshop. It also associates a final part or batch
with all its manufacturing data from the raw material to the component assembly.

e Process management
It provides process routing and operational sequencing including quality management
and maintenance management

e Performance analysis
This type of analysis is used to consolidate data in order to calculate the key
performance indicators such as rework, scrap, process capability (Cpk), overall

equipment effectiveness (OEE) and many more.

e Augmented reality

Augmented reality (AR) it’s a very powerful tool for a company that aim at digitalization. By
utilizing a device camera, capturing live footage, and displaying it on a screen with 3D
elements overlaid it is possible to reach great goals. Moreover, part of the visible environment
becomes digital and potentially interactive. Among all the benefits these were the field where

the company felt the urge to innovate with augmented reality:

e Employees training

Augmented reality could help workers understand the internal and external structure

of a product and learn how the various parts deliver functionality. With this knowledge

69



and helpful animations and instructions, they can, for example, learn the proper order
of assembly.

e Streamlined assembly

Complicated assemblies of thousands of components can be performed by following
specific assembly instructions on AR screen

e (Customer support
By creating digital constructs directly on the customer’s screen, AR makes it possible
to do provide high qualified support remotely to customer location everywhere
reducing lead-time and waits at customer site

e Virtual showroom
A virtual representation of a showroom can produce immersive experiences, exciting
due to their novelty and the sleek 3D models that provide a unique moment, very hard
to find in everyday life. But most importantly, these factors work very well also to

boost engagement.

e Digital twins

A digital twin is a virtual replica of physical, potential and actual resources (physical twin)
equivalent to objects, processes, people, places, infrastructure, systems and devices. This
technology is used for various purposes, particularly in production and predictive
maintenance. https://www.digital4.biz/executive/digital-twin-cose-e-come-funziona-il-
modello-del-gemello-digitale/. This tool could be extremely useful for the company by
Testing and validating a product or process before even existing in the real world, by creating
a replica of the planned production process. This tool could specifically help the company

with:

o Accelerated risk assessment

The digital twin could disrupt the system to synthesize unexpected scenarios, examine

the system’s reaction, and identify corresponding mitigation strategies.
e Predictive maintenance

Since a digital twin system’s [oT sensors generate big data in real-time, De Nora could
analyze real-time data to proactively identify any problems within the manufacturing

process. This ability enables maintenance managers to more accurately schedule
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predictive maintenance, thus improving production line efficiency and lowering

maintenance costs.
e Real-time monitoring

It is very difficult to get a real-time, in-depth view of a large physical system. A digital
twin can be accessed anywhere, enabling users to monitor and control the system

performance remotely.

o Automated Guided Vehicle

An AGYV system, or automated guided vehicle system, is a system which follows a predestined
path around a facility. An AGV automated guided vehicle is a mechanical vehicle which
carries a load through either an assembly, manufacturing or warehousing facility. This
solution enables barrier-free access and individual driving routes thanks to track-free

workpiece carriers. Below are the selected applications that would most serve the company:

e Pick & place

These vehicles are often used for inbound and outbound handling, for replenishment

and for material picking
e Workstation feeding

The AGV system would be used for components transportation from
warehouse/supermarket to a specific workstation, enabling an automated-oriented

component feeding
e One piece flow enabler

Continuous and automatic supply of workstations/assembly lines. Through the
continuous supply of work bays, the total lead time of the process could be greatly

reduced.

e C(ollaborative robots

Collaborative robots, as said previously, enables the ability to safely work alongside human

workers to complete specific tasks. These cobots could be used to:

o Machine maintenance

These particular robots would be perfect to do specific tasks such as the tending of

computer-numerical control (CNC) machines, injection molding machines, laser
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engravers, metal-stamping presses and more. This action would allow operators to
avoid risks and save precious time.

e Finishing tasks
Some types of processing are tut now too complicated or specific for some cobots,
which is why they can be used for more repetitive work such as polishing, grinding or
deburring.

e (Quality inspection
Cobots were not designed only for material handling. Supported by cameras and
sensors, indeed, collaborative robots would allow quality control to be carried out

much more accurately and quickly than that entrusted to a human operator.

These were the tools and related applications that were most estimated to be useful to the plant, with
a view to implementing and creating a future smart factory. To analyze their feasibility furthermore,
each of these tools was evaluated according to four parameters, resulting in the table included in the

annexes [Annex 5].

After defining the various solutions for an optimized layout that could adapt to changes in the market,
thanks mainly to the analysis of the crucial factors for defining the best possible solution, and defining
through which tools it could be transformed into a smart factory, it was time to organize the future

steps.
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Milestone definition

A milestone is a significant event or action that occurs during the course of a project or your business
that denotes a substantial advancement. They are crucial moments in a project that demonstrate a
particular amount of advancement. They should all serve as a sign that you have arrived at the

subsequent "mile" of your business journey.

Poor upfront planning and unanticipated change are the most frequent causes of project failure,
according to a 2021 PMI project management survey. The primary reasons for project failure are

depicted in the figure below [Figure 8].

Change in organization’s priorities A%

Poor requirements gathering 40%

Change in project objectives | 38%
\
Poor upfront planning | 33

Inadequate vision/goal for project 28%
Inadequate/poor communication 28%
Ineffective risk management 27%
Inadequate sponsor support 25
Poor change management 24
Poorly managed dependencies 23Y
Limited/taxed resources 20%

Inexperienced project manage" |G 20%
\
Other mentions [l 6%

Figure 8 - Reasons for project failure

Weak requirements collection, weak planning, and a lack of vision are all preventable problems.
Outlining a clear path to success can be made easier by researching and establishing key milestones
in advance. Breaking a project down into stages also makes it simpler to spot obvious dangers and
potential obstacles (Mondayblog, 2022).

For larger projects, it is also critical to break down milestones by areas of expertise. The project

manager (PM) will then have the role of coordinating all the figures and different functions involved,

knowing who to refer to for each specific task or request. Given the importance of defining milestones
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in order to implement the project, as a dedicated industrialization team, with constant support from
the research and development team, it was necessary to define the next steps. To do so, with the aim

of clearly defining the foundational elements of each milestone, the SIPOC method was applied.

SIPOC methodology

A tool frequently used in the Lean implementation is SIPOC. It is a practical way for picking the
important process components in detail while enabling to map a business process by clearly
summarizing its inputs and outputs. Time and money might be significantly wasted if a business

procedure is chosen incorrectly, utilizing the SIPOC method allows for:

e Quickly and easily capture the current or state of the organization and relative processes.
e Identify business areas that are problematic and in need of improvement.

e Explain the project and give common reference points for the entire team.

Ultimately, it is a component of a strategy that helps a company run its operations more effectively

and with less waste.(Vendor, 2021).

SIPOC is a process map used to visualize how an organization is meeting the requirements of the end
customer. The SIPOC technique is an acronym made up of 5 words, each of which stands for one of

the approach's 5 phases. Each stage is associated with a distinct actor or requirement:
e Supplier

This section represents the list of process suppliers. Process suppliers are those who offer the
necessary inputs for the process. They can be either internal or external to the organization,
and they might be people, other processes, businesses, systems, or apps. It is crucial to identify
your providers so that you are clear about who or what you need to contact for supplied

information.
e Input

Determine the necessary inputs, which may include raw materials, equipment, tools, concepts,
data, or people. Once more, it is essential to identify the inputs in order to be aware of the

conditions necessary to start the relevant procedure.
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e Process

A description of the process and the steps that make up the process are required in this section.
The organization can save a lot of time and money by defining the tasks to be completed in

advance and preventing unnecessary waste.
e QOutput

Similar to inputs, establishing the outputs required for each action assists the business in
determining whether a specific operation is finished or when it has failed to yield the outcomes
required to move on to the next milestone. Before proceeding to the following stage, each of
the mentioned outputs must be satisfied. Also crucially, each output must almost always match
the input of the succeeding stage since it is essential that the data collected are used for

something and not just stored. Each output must contribute to the project's overall success.
e Customer

The clients of the process who will get the output must be defined in this section. They can
be people, processes, other businesses, systems, or applications, just like suppliers. It might
be either internal or external to the business, and precisely describing them is also useful in

determining the format and standard of quality that will be needed.

The SIPOC methodology is effective only when applied to all milestones that a company sets out to
meet. The effectiveness of this approach also relies on the ability to clearly link all the various steps,

as well as define them.

As a result of the future milestone planning phase, 56 key activities were identified divided into 6

different processes, which are as follows:
e Project management

This section set out the actions to be taken by the project manager, mainly reviews with the

directors of the various departments whenever certain goals are met.
e Controlling

In this stream, control gates were temporally defined by the finance department. It is critical

within a project that target costs are rechecked and validated each time a major step is cleared.
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e Product development

Together with the research and development department, the main goals for project
implementation were defined; having set these most important milestones, it was then
important to analyze all the necessary intermediate steps. This was made possible mianly by
the use of the SIPOC technique, which allowed for the early identification of the conditions

necessary to finish each phase.
® Process development

Similar to product development, key milestones for process development were identified.
None of the actions on this stream have been placed temporally close to the present, as it is
necessary for the prototype to be developed and completed before reasoning about process

development processes to be carried forward.
e Manufacturing and logistic

For the definition of the milestones on this stream, within the industrialization team, the
various necessary steps were defined, again through subdivision using the SIPOC

methodology.
e People

Finally, a stream was devoted to managing the personnel needed to complete the project. In
addition to the amount of manpower required among the various milestones analyzed it was
necessary to also analyze the related costs. This is a clear example of how many steps, even
if placed on different processes, can be interconnected and need the support of other

departments to meet the process requirements identified with the SIPOC.

Finally, after dividing the evolution of the project into 6 main processes and identifying and
positioning milestones accordingly, the area of expertise of each step was defined. Through the
division into 5 departments, the main departments within the company, each milestone was assigned.
This allowed at a high level to divide the various tasks among the various departments and also to be

able to organize the workloads of the various units.

With the definition of future milestones, the planning process for the entire project was concluded.
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Chapter 4

The objective of this final chapter is to illustrate the actual market maturity other than focusing on

possible future applications and evolutions of the technologies analyzed.
Market size

Despite being a rapidly expanding industry, the pandemic has significantly hampered research into
new technologies employing green hydrogen. In 2020, the market for alkaline water electrolysis was
estimated to be worth $100 million. The pandemic's immediate effects on the world have caused a
market decline of 8.6 percent by the end of 2020. Notwithstanding, the market is anticipated to expand
from USD 116 million in 2021 to USD 180 million in 2028 at a CAGR of 6.5 percent during the 7-
year period [Figure 9], despite the severe effects brought on by the pandemic. The market's demand
and growth will rebuild and continue to expand as it did prior to the epidemic, which is what caused

this abrupt increase (Fortune Business Insight, 2020).

Europe Alkaline Water Electrolysis Market Size, 2017-2028 (USD Million)

2017 2018 2019 2020 2021 2022 2023 2024 2025 2026 2027 2028

Figure 9 - Europe AWE market size

Through growth in market size more and more funds will be devoted to research and development of

this technology, allowing new technologies to be optimized and brought to a larger scale.
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Fuel cells

A fuel cell is a system where, certain molecules, commonly hydrogen and oxygen, are
electrochemically converted directly into electricity without the use of a thermal combustion process.
Fuel cells can be used for a variety of purposes, including long-term energy storage for the grid in
reversible systems, transportation, industrial and residential structures, and a wide range of other uses.

Their efficiency or output is very significant.

Fuel cells provide significant advantages over traditional combustion-based technologies now
employed in many power plants and automobiles, even though certain phenomena, like as catalysis
and internal resistance, set practical restrictions on their efficiency. Compared to combustion engines,
fuel cells have superior operating efficiency and are capable of directly converting the chemical
energy in fuel into electrical energy at rates more than 60%. Since fuel cells only exhaust water while
combustion engines produce carbon dioxide, they have less or no emissions, allowing them to
effectively combat pressing global warming issues. Moreover, fuel cells have minimal moving parts,

thus the risk of malfunction and necessary repairs is minimized.

Although the potential is very high, as a technology it still requires a lot of work and research, which
is why related companies and governments are investing heavily in this field. For instance, the U.S.
Department of Energy (DOE) is closely collaborating with its national laboratories, academic
institutions, and business partners to remove major technological obstacles to the development of fuel
cells. The fuel cell industry still faces significant hurdles related to cost, performance, and durability.

The main factors on which resources are being focused are:

® Cost

Worldwide research and development teams concentrate on creating low-cost fuel cell stacks
and cutting-edge, high-volume manufacturing techniques, to lower system costs. Focus is
placed on methods that will boost activity and utilization while lowering the concentration of

nickel, one of the most expensive materials present in a fuel cell.

® Performance

Research and development (RD&D) focus on novel materials and integration techniques to
enhance fuel cell productivity and effectiveness. Efforts include developing ion-exchange

membrane electrolytes with enhanced efficiency and durability at reduced cost; improving
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membrane electrode assemblies (MEAs) with high power density through integration of state-
of-the-art MEA components; modeling to understand system design and operating conditions;
and developing stacks with high efficiency at rated power and high-performing BOP

components, such as air management components with low parasitic losses.

® Durability

Applications using fuel cells typically need performance that can be sustained for extended
periods of time. Under actual operating conditions, DOE has set ultimate standards for fuel
cell system lifetime at 8,000 hours for light-duty vehicles, 30,000 hours for heavy-duty trucks,
and 80,000 hours for distributed power systems. Systems must be reliable and robust under
challenging operating conditions in the most demanding applications. Starting and stopping,
freezing and thawing, contaminants in the fuel and air, humidity fluctuations, and dynamic
load cycles are examples of realistic operating circumstances that put strain on the materials
and components of fuel cell systems that are chemically and mechanically stable. Research
and development is focused on figuring out how fuel cells degrade and understanding its

causes as well as creating materials and methods to lessen its effects (Energy.gov, 2018).

This product has a lot of potential, and research has been ongoing for years to improve the efficiency
of the process. It is crucial now more than ever that research and development go with the required

funding in order to transform how energy will be stored in the future.
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Anion exchange membranes (AEM)

Growing interest is being shown in clean hydrogen generation at cheap cost. AEMWEs, or anion
exchange membrane water electrolyzers, have the ability to split water utilizing catalysts devoid of
platinum group metals and less expensive anode flow fields, making them one of the most promising
sustainable hydrogen generation methods. Understanding the durability-limiting issues that impede

the long-term use of these devices is essential to the implementation of AEMWEs.

Due to the need for large-scale hydrogen production and usage for the resilience of the power
generating and transmission sectors, research into a more effective and economical water electrolyzer
has recently attracted a lot of interest. Solid-oxide steam electrolyzer cells (SOECs), which have been
designed and proved at the laboratory and experimental plant levels, are among the most researched
techniques. The deployment of SOECs in the market is currently difficult because to issues related to
high temperature (700-950 C) operations, such as extended start-stop times, rapid deterioration due
to high-temperature interdiffusion of the cell components, and poisoning by the corrosion products.
On the other hand, alkaline water electrolyzers (AWESs) are a more well-established technology for
low-temperature operation, making it highly interesting also for the use of platinum group metal
(PGM)-free electrocatalysts. Proton exchange membrane water electrolyzers (PEMWESs) operate
without flowing liquid electrolytes because they use a proton exchange membrane (PEM) and
ionomer in the electrode. The high cost of the electrocatalysts, such as iridium oxide and platinum,
and the corrosion-resistant current collectors and separator plates in acidic environments might
constitute a limitation for very large systems as the cell stack becomes a significant contributor to the

overall system cost.

Instead, PGM-free catalysts could be employed in anion exchange membrane water electrolyzers
(AEMWESs), which work in an alkaline environment. Anion exchange membranes (AEMs) are
hydroxide-conducting, non-porous polymers with immobilized, positively charged functional groups
on their backbone that allow for differential pressure operation and a zero-gap configuration.
Hydrogen and oxygen evolution processes (HER and OER), which produce bubbles of hydrogen and
oxygen at the surface of the HER and OER catalysts, make up the bulk of an AEMWE's reaction.
AEMWESs' zero-gap configuration, which uses a non-porous membrane, is similar to PEMWEs since
it allows for high-rate hydrogen production while reducing the requirement for mechanical hydrogen
compression during storage. It's also essential to mention that AEMWESs benefit from both PEMWEs

and AWEs (PGM-free catalyst) (zero-gap configuration and non-porous membrane). It's interesting

80



to note that many AEMWESs frequently combine liquid electrolytes (such as KOH or K2CO3
solutions) with polymer electrolytes, in contrast to PEMWEs, which only use polymer electrolytes.
According to a recent modeling research, adding liquid electrolyte enhances reaction kinetics while
also lowering the membrane and catalyst layer's ohmic resistance. Interest in hydrogen production
via AEMWEs is rising as a result of the low cost of catalysts and hardware, applicability of zero-gap
designs, and differential pressure operation. Even if the most critical technical challenge for
AEMWEs in commercially viable systems is their durability, being a very serious issue that needs to
be addressed, a bibliometric analysis of the publications of AEMWESs by Journal Citation Reports
(JCR) indicated that the articles’ publication number of AEMWE related research rapidly increased
over the last three years [Graph 3], reaching 7.2% of the publication number of water electrolyzer

research in 2020.

1200
Water electrolyzers
1000 1

800 1
600 A

400 A

Number of publications

200 1

2010 2012 2014 2016 2018 2020

80
AEMWEs
60 A

40

20 1

Number of publications

2010 2012 2014 2016 2018 2020

Publication year

Graph 3 - Number of publications of AEMWESs

Although it is hard to say which operating modes for AEMWEs is more beneficial to performance,
durability, cost, and system complexity, increasing research efforts in the academic community
targeting the improved performance and durability of the AEMWESs retains hope that this promising
and economically viable technology will eventually find its place in a rapidly emerging hydrogen
economy (Dongguo Li, Andrew R. Motz, Chulsung Bae,c Cy Fujimoto,d Gaoqgiang Yang,e Feng-
Yuan Zhang,e Katherine E. Ayers and Yu Seung Kim, 2021).
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Future application of the technology

In recent years, hydrogen has received a lot of attention as a potential energy source. Hydrogen could
tangibly end up being the answer for economic and industrial sectors that are still struggling to
decarbonize and are forced to deal with significant greenhouse gas emissions. Green hydrogen is
produced using energy from sustainable sources having a wide range of potential uses and
applications, such as being employed as a resource and energy carrier in the building, industrial,
transportation, and power and heat generation industries. Below are some potential applications of

this technology that may change the way we live our lives:
o Fuel cells

As seen earlier, hydrogen can be converted into electricity using fuel cells. Green hydrogen
might be utilized in this way to fuel vehicles as well as to heat structures. In conjunction with
photovoltaics and other renewable technologies, fuel cells would have potential, particularly
for decentralized energy delivery since one of the main advantages of this technology is the

very low percentage of energetic dissipation as time goes by.
® Green hydrogen for industry

In the industrial sector, hydrogen is already used in large amounts. However, a switch from
gray hydrogen, which is made from fossil fuels, to green hydrogen would allow for significant

decarbonization.
e Vehicles powered by green hydrogen

Although the potential is still very high, the usage of hydrogen vehicles in urban transportation
is still limited due to the high cost and various restrictions on refilling. However, the usage of
fuel cell vehicles in industrial vehicles is increasing. Examples of machinery that uses
hydrogen propulsion technology include forklifts and tow tractors. Urban transportation firms
deploy fuel cell buses, which have also attained a high level of technical maturity and are

frequently hybrid vehicles with an electric motor.
e Rail and heavy transport

Hydrogen fuels are being researched and tested for use in rail transportation as well as long
distances with considerable traffic. The fact that the first hydrogen trains have already been

tested on a track demonstrates how much room there is for advancement in the field.

82



e Maritime and aereo transport

Since early prototypes have shown their usefulness, equally intense work is being done on

hydrogen technology-based hybrid ships and airplanes.

For example, cargo and cruise ships that use fuel cells to meet their energy and heating needs
while in ports may benefit from hybrid-electric propulsion systems. Being port cities exposed
to a significant environmental and emission load caused by ships, green hydrogen
technologies could provide a clean alternative to diesel generators and relieve many locations

from pollutants.

Moreover, despite all the future applications that will change the way we move and displace goods
and the way we store energy, green hydrogen is a safe solution in the face of advancing climate
change. Through the production of energy from renewable sources, the use of green hydrogen will

reduce the pollution of the planet both in the production process and during its deployment.

In light of the data collected, despite all the current limitations, green hydrogen will surely be one of

the most widely used and researched sources of energy supply in the future (K. Reisswig, 2021).
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Conclusion

This paper described the methods and approaches used in the industrialization process of two different
prototypes, focusing on the correlation between them and the most effective tools to be analyzed, in

order to obtain mass production.

Initially, electrolysis, the chemical reaction underlying the process of hydrogen production by an
electrolyzer, was analyzed. After an in-depth study of alkaline water electrolysis, the structure of an
electrolyzer using this technology was shown and explained. This initial overview section served as

an introduction to the topic, providing the necessary background knowledge.

Subsequently, all the tools and methods used for the industrialization of a prototype alkaline water
electrolyzer were analyzed. The tools analyzed, which were used for an initial product development,
ranged from CAD-BOM refinement to structuring the first draft layout through the Spatial
Relationship Diagram. Thereafter, approaches used for the industrialization of a second prototype
electrolyzer were analyzed, in order to provide a comprehensive view of the industrialization process.
For the industrialization of the second prototype in question, being at a subsequent stage of evolution,
an initial form of layout was structured, through systematic layout planning and factor analysis, and

6 smart factory use cases for the new factory were defined.

The last chapter identified both the current size of the hydrogen market and its future developments.
Through the analysis of the most developing fields of application, it was then possible to map out

what will be the fields most affected by this new and interesting technology.

This analysis therefore aims to inform and show how the various tools dedicated to product
industrialization are applicable and scalable to elements such multi-cell alkaline water eletrolyzers.
All variants have been taken in case, also showing how important it is to link each different function

to enable efficient functioning of the transversal industrialization process.

Through the optimization of selected tools, it was therefore possible to make the organization of the
product development and production process more efficient. A broader view of the entire process also
made it possible to identify major bottlenecks, so that related corrective actions could be carried out

as quickly and effectively as possible.
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Annexes

Annex 1 - Elementary scheme of cell structure
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Annex 2 - Schemat
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Annex 4 - Example of VSM
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Annex 5 - Smart factory use cases evaluation
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