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Tiivistelmä
Azimuth-propulsiolaitteiden käyttö on yleistynyt viime vuosina, sillä ne tarjoavat
entistä energiatehokkaamman ja ympäristöystävällisemmän ratkaisun merenkulkuun. Kasvavalla risteilyalalla toimiva huoltopalvelu on noussut tärkeäksi tekijäksi, sillä huoltotehokkuudella on välitön yhteys laivan operoijan toiminnan
varmuuteen. Näin ollen operoijien toimittajilla pitää olla kokonaisvaltainen
suunnitelma varaosien varastoinnille odottamattomien tapahtumien varalta.
Tässä työssä kehitetään tehokas varaosien saatavuusmalli, jossa hyödynnetään
varastonhallinnan, laivan kunnostuksen ja kunnonvalvonnan perusteorioita
ABB:n varaosainsinöörien kokemuksia huomioiden. Malli arvioi yksittäisen varaosan saatavuuden perusteella, kannattaako kyseistä varaosaa säilyttää toimittajan varastossa, ja ilmoittaa mahdollisesti optimaalisen varastointilukumäärän
kyseiselle varaosalle.
Muodostettu malli sovelletaan kuvitteelliseen esimerkkilaivaan, joka käyttää Azipod D -propulsoria. Esimerkissä sovelletut numeeriset arvot, kuten komponentin asennettu kanta ja hinta sekä laivan operointiprofiili, ovat kuvitteellisia. Tarkastelukohteeksi valitaan painelaakeri, joka on Azipod-tyyppisten propulsiolaitteiden yksi kriittisimmistä komponenteista.
Sovelletun mallin tulokset osoittavat, että painelaakereita tulisi varastoida odottamattomien laiterikkojen varalta. Mallissa on huomioitu komponentin kriittisyys, asennettu kanta, hinta ja laiterikosta seuraama vaikutus yrityksen julkisuuskuvaan. Varaosamallin toimivuus vaatii kuitenkin käytännönsovellusta, sillä
malli perustuu yksinomaan teoriaan ja saatavilla olevaan tietoon. Malli voidaan
soveltaa muihin erikokoluokkien Azipod-propulsoreihin pienillä muokkauksilla.
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Abstract
Azimuthing propulsors offer an efficient and environmentally friendly solution
in today’s cruise industry. With an increasing growth in its customer base, cruise
companies seek maintenance serviceability as important as the design of the
product itself to raise their reliability. Therefore, cruise companies’ suppliers
must have a proper inventory for spare parts in order to react on unexpected
failures.
In this thesis, an applicable spare parts availability model is evaluated by combining the inventory theories with the ship maintenance theories as well as ABB’s
spare part engineers’ experiences. The model considers whether a component
should be stored in the storage of a supplier in case of any emergency need as
well as the optimal quantity of stocking.
The designed model is then applied to an imaginary case in which a ferry is
equipped with an actual product, Azipod D propulsor. The component chosen to
be examined in this example case is thrust bearing which is one of the most critical components in Azipod propulsors. The total installed base and the cost of
this chosen component are fictional.
Applied tool has proposed that the chosen thrust bearing should be stored in
supplier’s storage based on its criticality, installed base, cost and impacts on supplier’s image due to failure. However, verification of the operability of the model
requires further applications in practice. It could be presumed that the presented
availability tool can applied to other product types with minor adjustments.

Keywords Spare parts, Availability inventory, Azimuth propulsor, Propulsion maintenance
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BOM
BSMC
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DE
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Bill of Material
Basic Standard Material Classification
Cooling Air Unit
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Inspection Capabilities for Enhanced Ship Safety
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Machinery Risk Analysis
Marine Service Center
Non Drive End
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1. Introduction
1.1 Background
In today’s cruise industry there is an increasing growth in its customer base. In 2017, there
was a total of 25.8 million ocean cruise passengers, which is 4.5 percent of rise compared
to the previous year’s 24.7 million. It is also predicted that the growth will continue in
2018 and reach a record of 27.2 million. Hence, in order to provide their customers with a
more unique cruising experience, cruise companies have raised their reliability, which in
turn has a direct effect on the serviceability expectations of their suppliers.

Figure 1. Global ocean cruise passenger growth and forecast. [The Florida – Caribbean
Cruise Association, 2018]
Cruise companies seek maintenance serviceability as important as the design of the product
itself in order to increase their reliability. According to the reports table 1, 76 % of passengers prefer cruises over land-based vacations in terms of being reliable, and thus, reliability
has become one of the main focuses for cruise companies.
Sometimes unexpected events may occur during engine faults. Since these unexpected incidents cannot be avoided, it is important for the cruise companies to have the shortest possible
down time of operation in order to keep the profit losses as minimal as possible. Besides
keeping the profit losses minimal, image of the cruise company will also rise if the down
time during the failure is short.
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Table 1. The feedback from the passengers on the factors they feel valuable in the cruises.
[The Florida – Caribbean Cruise Association, 2018]

Cruise companies necessitate their suppliers to have a comprehensive planning in availability of their spare parts in order to be able to react on unexpected events. An appropriate
planning of a supplier company also ensures the supplier company to have a positive image,
enabling them to have additional sales in the future. The main goal of the thesis is to create
a tool to ensure the availability of spare parts, and thus, improving reliability of serviceability
of Azipod Propulsors.
As an example of importance of services, the business model of Kone is reviewed. According to the statistics, new product sales contributes 53 % of total sales of the company, while
the rest 47 % is covered by maintenance and modernization of current installed base. With
the business model presented in the figure below, Kone was able to build up strong and long
relationships with its customers, giving over 90 % of annual retention. This is a proof of
service’s impact and clarifies the role of service in worldwide companies. [Kone, 2018]

Figure 2. Kone’s business model. [Kone, 2018]
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1.2 Research problem
Growth in the current cruise industry has increased the competition between cruise companies. [Advisory Group, 2018] Companies are investing more and more in service to keep
their image reliable among the customers. With respect to the following factors, competitiveness and reliability, serviceability and service efficiency play the most important role in
this matter. Optimization of these factors are crucial in order to keep the profit as high as
possible since the vessels do not yield profits during maintenance.
From customer’s point of view, price and lead time of spare parts are the factors that define
the reliability and service efficiency of a provider. In order to improve the aforementioned
factors in ABB Marine & Ports, it is important to have a proper spare parts planning to
provide customers better efficiency and flexibility in case of unexpected events. In Marine
industry spare parts are typically expensive and lead times are long. By improving the planning of spare parts it is possible to raise the overall efficiency of product service.
The main research problem of the thesis is the fact that lead times of spare parts are usually
too long when unexpected failure during operation occurs. In addition, spare parts are usually expensive, which raises the total inventory value. Some of these spare parts may even
limit the operation of a vessel during failure, which may cause massive profit losses for the
ship owner. The question is, how to optimize the storage planning to provide all the critical
parts in case of unexpected failures while keeping the inventory costs as low as possible.
Aside from that critical spare parts can be stored in the suppliers’ inventory, it is possible to
sell the most critical components to the customers and to have them stored in customers’
inventories instead. This would provide a greater operational flexibility when comparing to
a situation, where the components are stored in the suppliers’ inventory and requires special
logistics arrangements to get them part onboard.

1.3 Objectives
First Azipod propulsion system was installed in 1990. Today, there are over 400 Azipod
units in operation. This means that the market of Azimuth thrusters has grown, but at the
same time, demand of product quality has also risen. For example, the Azipod installed base
in China has been tripled in amount between years 2011 and 2016 according to figure 3. To
overcome the difficulties of radically increased installed base, a proper spare parts planning
is required.
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Figure 1

Figure 3. The growth of Azipod Installed base in China. [Juntunen, 2014]
The main objective of this thesis is to analyze different spare part groups of a specific product
group, Azipod D, and define the criticality of individual parts in order to keep vessels in
operation. In addition, the probability of a failure of each part as well as its impact on the
company image must also be estimated and considered in the report. These factors will also
be examined with the current condition monitoring systems.
Typical operational profiles of the products will also be examined in order to have an accurate estimation of the parts that have a high probability of failure. In addition, the basic theory
behind ships condition monitoring and inventory management will also be analyzed to provide a better applicability for other similar cases.

1.4 Methods
To achieve the described objectives while keeping to the Lean philosophy in storage management, a specific tool must be developed for this matter. In order to pay attention to every
aspect described in sections 1.2 and 1.3, it is important to review the data of machinery
failures collected by ABB to evaluate an estimation of failure probability of components.
Furthermore, the basic theory behind the condition monitoring of ships and storage management will be reviewed to get a better understanding of the availability of spare parts in Marine industry.
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There will also be a case study on the analyzed product, Azipod D. The installed base of
components will be reviewed and spare part demand will be estimated by combining the
theory and the existing statistics of Azipod D. Additionally, operational profiles of the Azipod D powered vessels will also be reviewed to understand the requirements of the product.
Besides these discussed factors, other possible factors, such as impact on company image
and customer satisfaction, will be considered in the developed tool. The platform used for
the tool is Excel where each factor has its own distinctive contribution on the decision of
availability. The basic idea of the availability tool is presented in the figure 4. The main
objective for the tool is that it can also be applied for other Azipod types with minor adjustments.

Figure 4. The basic idea of the spare part availability tool. All the factors in blue affect the
decision of the spare part availability.

1.5 Structure of thesis
The structure of the thesis consists of three main sections besides the introduction and summary chapters: theory, case study, and solution. The introduction part is decided to be followed by theory chapter that reviews the critical factors affecting the inventory planning.
The theory chapter could basically be divided into two different main topics: the basic theory
of ship maintenance planning and the inventory management. In addition, there is a slight
review on the Lean six sigma. These three topics are the most important factors on the demand forecast and inventory planning.
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After the theory part, current situation at ABB will be briefly described in chapter 3. This
will clear out the procedures ABB applies on its current products. Next chapter is a case
study of the Azipod D propulsor. The basic principles of the product are reviewed in this
chapter. In addition, structure and critical components are also examined, which also act as
a theory part for the solution chapter. This chapter provides the fundamental aspects that
need to be taken into account when designing a proper solution for products similar to the
Azipod D propulsor.
To have an answer to previously described research problem, solution chapter 5 combines
all the reviewed literature with the case study. A spare parts availability model is presented
in this chapter and the possible costs of the availability inventory are also analyzed. An important part of this chapter will be presented in Excel format. The Excel is the tool used to
decide individual parts availability, and the obtained Excel tool will be added as an appendix
of the thesis.
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2. Applied theories in the availability tool
2.1

Basic maintenance model of a vessel

During the past decades maintenance and repair business have encountered a considerably
high amount of growth. To keep supply up to demand it is important to continuously improve
the operation model of maintenance. There is a standard database developed for process
planning that sustains process efficiency. In this database, all the components are classified
according to the Basic Standard Material Classification (BSMC) coding system. In this system, each component is standardized regarding to its purpose of use and criticality. In figure
5, the basic idea of BSMC is presented. [Boer, 1997]

Figure 5. The basic model of BSMC. [Boer, 1997]
The Royal Netherlands Navy Dockyard, which is responsible for maintenance of all the
Dutch navy vessels, applies the BSMC model in their process planning. In addition to
BSMC, maintenance is also standardized into a 11-step model to keep the process efficient.
These 11 basic steps applied with Dutch warships are presented in figure 6. [Boer, 1997]
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Figure 6. The basic 11 maintenance steps applied in the Roya Netherlands Navy Dockyards.
[Boer, 1997]
However, every maintenance model is specified only for certain types of vessels. In this
case, it is designed for navy vessels, and thus, it does not have any restrictions in maintenance
time. In addition, the maintenance is always executed in the same dockyard, meaning that
there are no logistical challenges. Whereas in cruise industry, cruise ships usually have tight
schedules, keeping the profit losses as low as possible. Therefore, itsdockyard is usually
chosen by the location the vessel is during the failure. This means that the maintenance
model must be modified to meet the requirements of its customer and the operational profiles
of the vessels. For example, cruise companies usually prefer all the work to be done at the
yard and avoid any additional parts being transported back to the ABB workshop.
As described, different operational profiles must adapt specific maintenance model to improve the overall efficiency of maintenance and to keep the operator satisfied. In this thesis.
the operational profiles of Azipod D will be selected and a maintenance model will be applied according to the needs of vessel types.

2.2 Condition monitoring on vessels
Besides following the maintenance manual, it is important to analyze the data generated by
the condition monitoring systems in order to have a proper estimation of possible failures of
the components. Condition-based maintenance (CBM) defines the condition of the monitored components and provides the required data to take further action. The CBM of mechanical components is basically based on three main analysis; vibration, thermography and
lubrication oil analysis. With the collected data, it is possible to estimate the current condition of each component, such as bearings. With the estimated condition, it is possible infer
and plan what spare parts and actions, such as dry docking, are required. [Lazakis, 2016]
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Vibration-based CBM is a common method used in machinery monitoring. To be able to
process the data collected by vibration sensors it is important to define each components
criticality and usage of the machinery beforehand and set the acceptable values. The collected data is the preprocessed before exporting to the database. During preprocessing, system recognizes the values outside the boundary conditions and then red marks them. In
case of any value error the system replaces the faulted values with the corrected ones. After
the pre-processing, the processed data will be exported to the database that can be reviewed by the user. [Gkerekos, 2016]
According to Zhou (2007), components of an electric machine, which endure most failures,
are stator, rotor and bearings, of which bearings cover almost half of the failures. Hence,
other methods are applied to bearings condition monitoring along with the methods discussed above. These methods are based on acoustic emissions, sound pressure, displacement
measured by laser and the electric engines stator current. [Zhou, 2007] The advantages and
disadvantages of the different methods are listed on table 2.
Table 2. Advantages and disadvantages of different bearing condition monitoring methods.
[Zhou, 2007]
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2.2.1 Fault prediction of machinery
As Yang (2007) has stated in his work, fault prediction is feasible with operational pattern
classification. The most relevant factors of fault classification are chosen as inputs of the
prediction system, building a basic fault prediction model that is lightly based on the chosen
values. The system forms a pattern of a specific output based on the system inputs, and each
predicted fault pattern is classified in advance. However, this kind of system is not adaptive
enough to predict future incidents. This shortcoming is resolved by GM (1.1) model used in
gray prediction. It is able to predict patterns’ trend of a certain part based on the already
collected data. In addition, parameters of a component must be tracked in order to get more
precise results. Multi-GM (1,1), MGM model could also be applied. [Yang, 2007]

Figure 7. The basic structure of a MGM-model. [Yang, 2007]
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2.2.2 INCASS
To provide a better availability of spare parts and decision making, the INCASS (Inspection
Capabilities for Enhanced Ship Safety) platform, which can be applied for both ship structure
and machinery, was developed. The INCASS can be divided into two main areas: onboard
technical decision making and onshore maintenance (spare parts) planning. These two main
areas are based on the gathered information by the installed sensors and the data mentioned
on the previous section. The INCASS has three main tools which are used to estimate the
condition, Structural and Machinery Risk Analysis (SRA and MRA) tools and the central
database. [Lazakis, 2016]
To get a better understanding on the spare parts requirements of an Azipod unit, it is more
relevant to look the principles of MRA, since the Azipod unit is part of the machinery. Machinery Risk Analysis is based on the data provided by classification society, documentation
of the machinery components and the collected data by the condition monitoring. Each component that is critical for the vessel’s operation is classified by the classification society and
its reliability and criticality is listed. By combining the classification data and the collected
data of the condition monitoring, it is possible to estimate the maintenance and spare part
requirement. [Lazakis, 2016]

Figure 8. The basic operating model of INCASS. [Lazakis, 2016]
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As mentioned before, spare parts could be divided in terms of their criticality and reliability.
Furthermore, the system the component is a part of must also be considered in order to make
a justified decision. For example, Lazakis (2010) has presented a diesel- electric system of
a particular yacht in the following picture. [Lazakis, 2010]

Figure 9. A diesel electric system layout of a yacht. [Lazakis, 2010]

The DG (Diesel Generators) are the object examined in Lazakis material. By dividing the
DG's into subgroups, for example fuel system and lubrication oil system, the particular components can be grouped based on their function. By measuring the meantime between failures of each component and combining the functionality of the particular component, its
criticality can be estimated. Below are the results of Lazakis, which are estimated by the
factors discussed above. [Lazakis, 2010]
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Table 3. Criticality importance each main components of a diesel generator. [Lazakis, 2010]

By applying the same method used in the criticality importance measurement, the criticality
of each component could be evaluated and reasoned.
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2.3

Lean six sigma

The Lean six sigma consist of two different theory, the Lean philosophy and the six sigma.
The Lean philosophy, also known as Lean thinking or Lean manufacturing, was first applied
in the Toyota production system in the mid of 1950. At first, the Lean philosophy was only
applied in production but nowadays it has spread into new areas such as service, trade and
public sector. Lean philosophy’s focuses on minimizing the possible wastes such as over
production, defects, waiting and inventory. [Leite, 2015]
The six sigma was first developed and applied by Motorola back in 1986. The main focus of
the six sigma is continuous quality and process improvements. Later in 2000’s, the six sigma
was combined with the Lean philosophy to achieve even better efficiency in companies. The
basic idea of the Lean six sigma is to achieve better cost efficiency by eliminating the wastes,
minimizing the inventory and continuous improvements in the product and production processes. [Salah, 2013]
Today, the Lean six sigma is widely used and applied in the service sector. The principles of
the philosophy in service are customer satisfaction and time efficiency. [Leite, 2015] To
prove the importance of service nowadays, the total percentage of the service sector in
world’s largest economies is presented in the following table. The service – term covers a
large area and it has many subcategories, the case study of Azipod D propulsor’s spare part
availability could be classified under the Mechanical and electrical services category.
Table 4. The service sector percentages in world’s largest economies. [Leite, 2015]

To have a balance in cost efficiency and customer satisfaction, it is reasoned to combine the
aspects Lean six sigma with the inventory theory of chapter 2.4.
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2.4 Inventory
According to Slack (2011), the basic definition of inventory is stored accumulation of recourses in a transformation system. The basic idea of inventory is to provide flexibility for
the system and to protects the system from critical stock-out events. Inventory capacity for
each products or components is defined by the demand, delivery time and price of the component. By balancing the rate of supply and the rate of demand, the optimal capacity of the
inventory could be reached. If the supply rate is higher than the demand rate, the inventory
would increase in its capacity. Similarly, if the demand rate is higher than the supply rate,
the inventory capacity will decrease. The basic formation of an inventory is presented in the
figure below. [Slack, 2011]

Figure 10. The basic formation of an inventory of a production system. [Slack, 2011]
As discussed above, the optimal capacity of inventory could be reached by balancing between the rate of supply and the rate of demand. However, it is not as simple as that since
there are different type of inventories that are designed for specific situations and processes.
Safety inventory
Safety inventory, also known as buffer inventory, is designed to react on the unexpected
events of demand and supply. This is usually applied on the systems which cannot forecast
the upcoming demands accurately. This will keep specific products or components with a
certain capacity available which could be then used when there is something unexpected
events in demand or supply. [Slack, 2011]
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Cycle inventory
Cycle inventories are applied when the production and inventory capacity cannot match the
demand. It basically means that different variations of products will be produced one at a
time in cycles and instantly when a specific product runs out of stock, its production will
start. The basic idea of cycle inventory is presented in the following figure. [Slack, 2011]

Figure 11. The basic cycle inventory model. [N. Slack, 2011]
De-coupling inventory
De-coupling inventory is generally used in process layouts, where each segment of the production forms a queue. Each segment has its own rate of production and it will manufacture
products for its own segment de-coupling inventory. The products in inventory has to wait
until the next stage of process in the production. This will enable each process segment to
work independently and achieve the highest possible efficiency regardless to the other segment’s production speed. [Slack, 2011]
Anticipation inventory
Anticipation inventory is generally used for example for seasonal foods. When there is high
variability in demand, the products will be produced with a constant speed. When the demand is low the inventory grows where as when the demand rises, the inventory and the
products that comes straight from the production line will be used. [Slack, 2011]
Pipeline inventory
Pipeline inventory exist because of the logistic arrangements. Unlike other inventory types,
pipeline inventory is not usually designed on purpose. The components that are under transportation, for example from the first stage of production to the next stage, are a part of the
pipeline inventory [Slack, 2011]

2.4.1 Safety inventory management
In many industries, keeping the inventories as minimal as possible or even avoiding of keeping an inventory is recommended according to Lean’s philosophy. By doing so, it is possible
to lower the working capital tied with the inventory and it offers financial flexibility for the
company. Inventories are always somehow based on the demand forecast that can fail so it
can lead to oversupply. However, this depends on the environment of the industry and the
variability of the product. In addition, to provide customer satisfaction and improve the image among the customers, it is recommended to have a buffer inventory, which will provide
flexibility in the product deliveries and unexpected events.
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According to Krupp (1997), it is possible to evaluate suitable safety inventory volume with
certain factors. It is assumed to happen under the classic safety stock theory, which means
random independent demand and unimodal normal distribution. In the formula 1, the basic
evaluation according to Krupp is presented. [Krupp, 1997]
𝑆𝑎𝑓𝑒𝑡𝑦 𝑆𝑡𝑜𝑐𝑘 = 𝑘(𝑀𝐴𝐷)√𝐿𝑇,

(1)

where the k is the service factor multiplier which varies from zero in infinite depending on
the desired service level. The k factor can be obtained from table 5. LT is the product’s or
component’s typical lead time and the MAD can be evaluated with formula 2. [Krupp, 1997]
Table 5. K factor in the function of desired service level. [Krupp, 1997]

𝑀𝐴𝐷 =

∑𝑛
𝑖=1(ui−xi)
𝑛

,

(2)

where the u is the average/expected demand for period i, x is the actual demand in period i
and the n is the total number of periods included in the evaluation. [Krupp, 1997]
This is the classical application on how to evaluate the required safety stock. The safety
stock volume evaluated with this method is fixed so it does not provide any flexibility on
the future. [Krupp, 1997] From the of service’s point of view, the basic safety stock volume for consumables can be estimated with the method described above. To estimate the
safety stock volume for other parts that do not have any constant demand, we have to combine the classical application of the described method with the current statistics of failure
probability of each critical components. In addition, all other factors that were mentioned
in the section 1.4 must also be considered.

24

2.4.2 Inventory costs
When it comes to the cost of the inventory, besides the material costs itself, there are many
more different types of costs that must be considered. There are five main inventory cost
types; the working capital, obsolescence, cost of placing an order, operational costs and stock
out costs. These costs must also be considered during the inventory planning stage.
The working capital is usually the most relevant cost. The working capital means that when
ordering the items for stocking the manufacturer must receive their payments before sending
the good. However, the stock items usually spend a certain amount of time in the inventory
before they are sold to customer. During the time between paying the payment to the manufacturer and receiving the money from the customer, the company must fund these items
itself. This is called working capital and the costs of it could be considered as the interest of
a bank that is charging for the loaned money. [Slack, 2011]
When the products/components spend a certain amount of time stocked, there is a chance
that these products could be replaced by a completely new design and the old versions become obsolete. When this occurs, the value of the stocked item may drop, or in the worst
scenario, become worthless. This is called obsolescence costs. [Slack, 2011]
Each time when a product is chosen to be a stock item, from the moment of sending the order
to the manufacturer to the moment the item is received, there are operational costs. For example, all the purchasing documentations, preparation work and the logistic arrangements
are all costs, that are a part of “cost of placing an order”. [Slack, 2011]
Besides these discussed costs, the physical warehouse requires money to keep it in operation.
A typical warehouse requires the warehouse property itself, man power, heating, lightning
and tools. In addition inventories must be insured and the insurance costs is determined by
the total value of the inventory and environment conditions. These could all be listed as
“storage costs”. [Slack, 2011]
Stock out costs are the costs that are caused by a not properly planned inventory, when the
inventory runs out of stock although there is demand. There are two kinds of stock out costs;
internal and external. In internal stock outs, which happens to the de-coupling inventories,
the costs are caused by inefficiencies in the production, when the previous processes can’t
process as fast as the latter ones, which will cause internal stock outs. The external stock out
happens when the company fails to supply their customers and therefore the customers may
end up choosing another company. [Slack, 2011]
However, when ordering items from the manufacturer to stock, the quantity is usually larger
than normal orders and the schedule is not tight. The manufacturers usually offer discounts
in these kinds of cases and the products can be purchased cheaper than normally.

25

3. Current situation in ABB Marine
The current business model in ABB Marine & Ports, Propulsion service spare parts department is that there are two main customer groups. ABB sells spare parts through our local
distributor, Marine Service Center MSC, or directly to the customer. As for the pricing, it
does not depend on where the customer buys the parts, since in ABB a global pricing model
is followed where the prices are always the same for the end up customer regardless of where
they buy the parts from. In addition, the normal lead time of different spare part type is also
standardized according to the spare part group it belongs.

Figure 12. The current business model for spare parts used in ABB Marine.
There are three main types of maintenance for machinery: reactive, preventive and predictive. Reactive means that the components are replaced once they endure a complete failure.
In case of Azipod-propulsor, it is preferred to avoid that kind of situations to prevent any
profit losses for the customer. [Gkerekos, 2017] Most of the spare part deliveries are preventive and predictive. The preventive maintenance is based on the maintenance manual
provided by ABB, which includes for example all the consumable components such as filters. The maintenance of the other parts are according to the suppliers maintenance program.
The predictive maintenance is according to ABB’s condition monitoring system which actively produces data on the critical components condition such as the bearings. In all the
maintenance events ABB has to consider whether the actions require dry docking of the
vessel. In case dry docking is required, all the other parts that may require dry docking when
replaced will also be considered and recommended to the customer. In dry docking the spare
parts must also include the required components for removal of Azipod unit, in case it has
to be removed from the vessel’s hull. If the Azipod unit will be removed from the vessels
hull, all the fastening and insulating parts must also be replaced to minimize the possibility
of failures. Some of the parts could also be replaced by divers, in these cases some of the
replacement components may have slightly different design, just to make the installation for
divers easier.

26
When it comes to the reactive maintenance, the delivery times are supposed to be the shortest
possible which means that the availability storage has an important role. When the maintenance type is reactive, the operator usually does not get any hints by the condition monitoring
system which means that the failure is unable to be predicted. In these situations the operator
must shut down certain functions to continue the operation, but in worst scenario the vessel
cannot continue its operation at all. For this purpose, a safety inventory has been used.
The current spare parts that are included in the safety inventory aren’t reasoned by any particular unified system. The availability planning is basically based on experience of spare
part engineers. Therefore, a solution model for safety inventory must be developed to unify
the safety inventory practice for all product types.
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4. Case study, Azipod D
ABB Marine & Ports is a company that operates in the marine industry and manufactures
azimuth thrusters, Azipod units, for its customers. The Azipod propulsion system was introduced to the marine Industry at the beginning of 1990 and it has become a popular solution
among the cruise companies for its low fuel consumption and almost vibration free operations.
Azipod unit is an electric propulsion system which is powered by the main generators of the
vessel. Azipod propulsion has better efficiency than the traditional mechanical thrusters and
provides better mobility for the vessel since it can turn 360 degrees around its vertical axis.
It can also save up to 20 percent fuel consumption, in other words produce less emission
compared to mechanical thrusters. This is achieved because the water flow is directly guided
to the propellers. In addition, the Azipod unit also enables more flexible general arrangements in the ship design stage since the Azipod propulsion system requires less space than
the traditional mechanical thrusters. [ABB, 2011] An Azipod unit also has a minimal amount
of bearings and gearwheels when compared to a mechanical thruster.
Currently there are five different Azipod types in the product family, X -, V -, D - and C Azipods. The Azipod covers the power range from 1,0 MW up to 24,5 MW depending on
the Azipod type and the diameter of the shaft line. [ABB, 2010] In the thesis, the subject of
review will be the Azipod D, the power range of which varies from 1.5 MW up to 7,5 MW
and is available for ice classes up to PC 5. [ABB, 2015]

Figure 13. Azipod D propulsion system, which includes the Azipod unit, steering module
and the cooling air module. [ABB, 2015]
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4.1 Structure of Azipod D
The Azipod unit basically consist of three main modules; steering module, strut module and
motor module. Moreover, there are the propulsion and steering drives that are located in the
Azipod room right above the Azipod unit.
The steering module itself consist of steering equipment such as steering motor, gear and
bearing. All the cabling and piping goes through the slip ring unit (SRU) which is located in
the center of steering module. Similar to the X and V Azipods, the Azipod D also has its
own cooling air unit (CAU) attached to the steering module and the cooling also goes
through the SRU. The CAU will improve the total efficiency of the Azipod by adding more
cooling capacity. The steering module is the only module of the Azipod unit that is located
inside the vessel.
The strut module is basically the hull of the Azipod unit which connects the motor module
and steering module. All the cabling and piping which comes from the SRU will go through
the strut module to the motor module.
Motor module includes the motor itself, the drive end (DE) and the nondrive end (NDE).
The main components of the motor module are the bearings which supports the main shaft
at the both ends of the motor module. The drive end has the propeller attached to the shaft
and the propeller bearing unit. The other side, non-drive end, supports the other end of the
shaft with the thrust bearing unit.
Compared to Azipod C, the Azipod D has a larger strut module which is similar to the X and
V Azipod types. The larger strut module will enable better mobility and steering capability
for the vessel and it is also easier to access the components inside the Azipod during maintenance. In addition, the Azipod D has dual cooling just like the larger types Azipods, the air
cooling and direct cooling into seawater. This enables higher power output and efficiency
compared to the Azipod C which has only got a direct cooling into seawater.

Figure 14. The structure of Azipod D. [ABB, 2015, Modified by Chun Ip, 09.03.2019]
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4.2 Condition monitoring in Azipod D
As for the condition monitoring methods described in the theory chapter, the vibration and
thermography analysis are applied on the bearings of the Azipod unit. Both bearings of the
motor module have two vibration and temperature sensors which actively generate data for
the CBM system. In addition the lubrication oil samples will be sent to the service department periodically for analysis. Some of the Azipod models (mostly the largest ones) have
metal scanners installed in the bearings, which can detect the metal particles in the oil and
supports the vibration analysis. Most of the dry-docking service scope on the Azipod units
are based on the CBM data and the maintenance program. Besides these methods Site Surveys will also be performed, but the focus on the components depends on the size of the
Azipod unit, since some of the Azipod models are not large enough for any personnel to go
into the strut module as in the case with Azipod D.
Besides the bearings, the condition of the sealings are also monitored by drainage lines. The
drainage lines are meant to drain all the sealing surfaces and by analyzing the drained sample
it is possible to estimate the condition of the sealings. The steering motors of Azipod room
has its own temperature sensors which keep recording the temperature values. Certain steering gears also has oil level monitoring system. In the Azipod models that have Cooling Air
units (CAU), there will be condition monitoring on the airflow inside the CAU to estimate
the filters condition and the Azipod units temperature. Currently, the electric components
are not under condition monitoring, but the steering drive records all the operational data
and in case of failure, there are enough data to find the root of the problems. [Toivanen,
2019]
Table 6. Current condition monitoring on Azipod D propulsor. [Toivanen, 2019, Modified
by Chun Ip, 03.04.2019]
Condition monitoring method
Object
Periodical / Active
Vibration analysis
Temperature analysis
Metal scanner
Oil sample analysis
Drainage lines
Site Survey

The bearings of Azipod
The bearings of Azipod,
Steering motor
The bearings of Azipod
The bearings of Azipod
Azipod’s sealings
Azipod Room

Active
Active
Active
Periodical
Periodical
On request / Periodical

By monitoring the generated data, ABB personnel is able to recommend the options for the
vessel operator, for example limited operation of Azipod propulsor, operating only by using
one Azipod unit or possible dry dockings in the future. In condition monitoring there are not
any standardized values which tells whether the component is about to fail or not. In case of
abnormal data occurs, the operational profile and the environment conditions will also be
examined to determine whether the data provides a hint of possibly failure or not. [Toivanen,
2019]
Besides the active condition monitoring system, the Azipod control system also has the datalog saved during operations, where for example the current of the stator in the function of
time will be recorded. These datalogs are also useful, when planning the maintenance scope.
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4.3 Critical components
The Azipod propulsor includes an electric motor inside the propulsor hull. The motor is integrated on the propeller shaft and is supported by two bearings as is typical in this kind of
constructions. In terms of service maintenance, thrust bearing, propeller bearing and the
slewing bearing are critical due to long component lead time. The thrust bearing is located
at the NDE (non-drive end) and it typically has vibration and temperature sensors. When
considering a replacement of a thrust bearing, the adapter sleeve should also be replaced.
The propeller bearing is located at DE (drive end) and besides the adapter sleeve, it is also
important to renew the shaft seal. The shaft seal can be considered also as critical component because of relatively long delivery time but also because the failure of the sealing system will cause damage to the thruster. Both bearings can be replaced without the removal
of the Azipod propulsor from the vessel’s hull.

Figure 15. A thrust bearing simply presented. In Azipod XO and VO propulsors, the strut
and motor module has enough space for personnel to go in. In the Azipod D, there aren’t
enough space for personnel to go in, but the basic structure of thrust bearing is similar to
larger Azipod types. [Woodyard, 2012]
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Figure 16. Shaft seal replacement presented. Some of the Azipod models have enough
space for personnel to change the shaft seals inside the Azipod unit. In Azipod D, a dry
docking is always required for shaft seal replacement. [Varis, 2011]
When it comes to the slewing bearing (figure 17), the Azipod propulsor must be removed
in order to get access to the slewing bearing. The slewing seals are also renewed during the
maintenance of slewing bearing. In case of Fixipod, where Azipod propulsor’s rotation
around its vertical axis is not allowed, there wouldn’t be any slewing bearings or steering
equipment. When planning the availability of the bearings it is also important to consider
which components must be removed to access the particular bearing. These additional
components such as fastening parts must also be included in the availability planning if the
bearings are decided to be kept in the warehouse.

Figure 17. A slewing bearing of Compact Azipod presented with the steering module. The
slewing bearing is located above the Azipod unit, which means the Azipod must be removed from the ship hull in case the slewing bearing is replaced. [Phila, 2014]
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In the steering module the most common parts that are replaced are the consumable parts
such as filters. These parts are usually sold to the customers as onboard spare parts which
the vessel crew can replace themselves according to the maintenance table. The steering
module has several critical components, such as steering motors and steering gears, which
are needed in order to keep the vessel operating. These parts could be sold as a whole spare
component modules or they can be divided to individual components for example the steering brake pads. Besides the steering components the SRU (Slipring Unit) components such
as rotary fluid joint (RFJ), or “swivel”, is a critical component for the vessels operation. All
the fluid and air required for the propulsor to work will go through the RFJ. Once again, it
is important to include all the parts that are related to the component into the availability
planning if the component itself is included.

Figure 18. A Compact Azipod unit’s steering module presented with its critical components listed. [Phila, 2014, Modified by Chun Ip, 12.04.2019]

4.4 Installed base of Azipod D
Azipod D propulsors are designed to replace the Azipod C propulsors in the long run. That’s
why the basic design principles of operation profile do not have much difference compared
to Azipod C. The Azipod D is designed to cover large area of different kinds operation profiles. Currently there are only 5 operating vessels powered by azipod D propulsors, to have
a broader review, the Azipod C propulsors were selected as the review object. As an example, the ship types of 68 vessels powered by Azipod C propulsors has been listed below.
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Operational profiles of Azipod C propulsors
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Figure 19. Ship types of Azipod C propulsors. The blue column indicates the number of
vessels and the orange column indicates the number of Azipod units installed. [Marine Traffic, 2019]
As it is possible to see, the Azipod C propulsors cover a large area of ship types. The same
applies for the design principles of Azipod D propulsors. However, in the Azipod D propulsors, the navy vessels share will decrease compared to the Azipod C statistics. Besides the
ship types, the operation area distribution is also an important factor, the operation are distribution among the 68 Azipod C vessels is presented below.

Installed base of Azipod C propulsors by region
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Figure 20. The installed base of Azipod C propulsors by region. The blue column indicates
the number of vessels and the red column indicates the number of Azipods installed. [Marine
Traffic, 2019]
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The current region distribution of Azipod C propulsors is clearly focused on China. There
are more vessels operating in China’s area than all others in total. However, this trend cannot
be fully applied on the Azipod D propulsors according to Aho (2019). The trend of the
region distribution of Azipod D is going to be balanced between countries, as an example
from the last three years, China’s share of the total sold Azipod D propulsors is about 24%.
Compared to the current situation, 60% of the operating Azipod D powered vessels are operating in China’s area. [Aho, 2019]
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5. Developed tool for spare parts availability
5.1 Background of the developed tool
The reviewed theory is selected to support the availability tool. At first, the basic maintenance model of ships is reviewed, this is selected to have a basic understanding of ship
maintenance. Condition monitoring theory is selected to understand the processes of current
ship condition monitoring. In the condition monitoring chapter, different types of condition
monitoring models are reviewed. They also support the criticality analysis performed for
each spare part group. Lean six sigma was selected to keep the possible costs as low as
possible and at the same time keeping the service efficiency high. Inventory management
theory is selected to have a better estimation on the inventory costs and to have a reasoned
inventory capacity selected. The developed tool is constructed by combining all the listed
theories and it is optimized to provide flexibility to the selected case study.
To combine the theory and factors mentioned in earlier chapters, a simple solution model is
to have a specific contribution for each factor that affects the decision of the availability.
Microsoft Excel is used to present this method because of its simplicity and user-friendliness.
In Excel, it is possible to list all the affecting factors clearly with their own contribution into
the decision. This will also make it easier to apply this method for other Azipod propulsor
types as well by changing certain factors.
The Excel tool is also a tool that helps deciding, whether to keep the component in the safety
inventory, sell it to the customer’s own inventory or keep it in the supplier’s inventory. The
basic structure of the Excel tool is made of four sheets; the safety stock evaluation, component criticality, installed base and costs for customer due failure. The priority used to build
up the Excel tool is to keep the inventory as minimal as possible but at the same time maintaining the delivery reliability for customers. In the figure below, the basic process of the
developed tool is presented.

Figure 21. Process of the availability tool presented. Yellow is referred to user inputs, blue
the processes of the tool and green the output of the tool.
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The process of availability tool presented in figure 21 is formed by combining the inventory
management theory, condition monitoring theory as well as the Lean philosophy. The inventory theory is used to evaluate the safety stock of components and to estimate the cost of
inventory. The condition monitoring theory was used to classify the criticality of each component type and to estimate the probability of failure of each component. The basic idea of
Lean philosophy applied in service is in turn related to the minimization of costs and maximization of customer satisfaction.
To have a balance between the costs and profit, the possible losses of customer will also be
examined. These losses include financial losses and possible image affection. The financial
losses can be evaluated from the typical operational profile of the Azipod D powered vessels. The image affection is estimated by the required maintenance actions. If the ship still
can operate with restrictions on Azipod propulsors, and the failed component can be replaced without a dry docking, the image affection is low. However, if the replacement of
the failed component requires dry docking, the image affection is high. In the other hand, if
the replacement could be done in short time without any particular changes on the operations of the vessel, the image affection could also be positive for ABB.
Besides improving the availability of spare parts, which basically is based on the installed
base and estimation of the component failure probability, when selling a complete new
product for projects, it is also possible to include some spare parts for customer, which will
be stored by the customer itself. This solution will enable more project specific spare parts
but also reduce the total value of storage. However, this will become difficult since the
customers may not be able to store big components or aren't willing to buy the spare parts
beforehand. To optimize between the spare parts stored by customers and the availability
storage parts, it is important to consider which parts are most suitable for the customers to
buy beforehand and which parts are possible to store in the availability storage. The parts
that have high diversity are recommended for customer to buy beforehand. These parts are
for example steering motor, gear, equipment and consumables such as filters. On the other
hand, it is also possible to have an agreement with suppliers, which would provide the
availability of specific spare parts that usually have a longer lead time. This practice has
been already applied on certain components and it reduces the stock value of ABB Marine.
The parts that are mostly standardized, larger and expensive, such as bearings and sealings,
are stocked in the availability storage since the customers may not be willing to or able to
buy them beforehand and store them in their own storage. With this solution, it is possible
for ABB to focus on the larger and standardized components and improve the cost-efficiency by not keeping high variety components in the stock.
Besides considering the criticality and lead time of components, it is also important to take
condition monitoring into account in storage planning. Typically, mechanical components
such as bearings will show hints of failure far before the failure happens. These hints, such
as a higher operating temperatures and vibrations, can be detected by the condition monitoring systems. With the condition monitoring system the most likely failure moment could
be estimated which will enable enough time for service department to start planning on the
service actions. In other words, by combining the time between failure and monitored hints
with the lead time of the particular component, it is possible to decide whether to include
the component into the availability stock or not.
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In the availability tool, the logistic difficulties are also taken into account, since some countries, for example China, has many restrictions in importing goods. In addition, as described
earlier the operational route of the vessels must also be considered, since some of the countries does not have dry docking pools that meets the specific requirements of the vessel.
The main goal of the Excel tool is to present a simple solution for its user. The user can
simply input factors regarding to a particular component and the tool will automatically determine a suitable suggestion. The basic principles of the Excel tool is also applicable to
other types of products as long as the user is able to provide the required factors. When
planning the availability of spare parts, it is important to consider, that the inventory is not
a typical production used inventory, it is an inventory for the service department, where the
customer satisfaction is in an important role. Therefore, instead of trying to minimize the
costs to as low as possible, the goal is to have an inventory which could react on any possible failures of products with shortest possible lead time.

5.2 Spare parts availability model
The current situation of Azipod D - spare parts storage is still under development. The steering parts just as steering motor and gear are bought under the storage planning. These parts
are the most critical onboard parts, which in case of failure could cause the vessel to be
unable to operate. Since these parts are located in Azipod room, they do not need dry docking
to be changed. These parts could also be recommended for the customer’s own inventory.
Other parts that are located in Azipod unit, are not under the storage planning yet. These
parts usually require dry docking in case they are going to be replaced. Parts such as thrust
bearings are usually under the storage planning, since their lead time are the longest, up to
eight months from the time of order. For the Azipod D, these will also be listed into the
storage planning.
Since many Azipod D products are still under production, it is important to also consider the
upcoming projects in the installed base, so the availability storage is ready when the products
are delivered to the customers.
As different types of inventories have been listed in the theory chapter, the most suitable
inventory model in this case would be the safety inventory. Since the process is not basically
a manufacturing process, it is a after sales process which requires reacting on the unexpected
events. Besides the unexpected events, some of the services is accorded to the maintenance
manual of the product, these cases can be forecasted at least a year before the dry docking,
and the parts could be prepared in time without an inventory, however, this requires the
customer to place an order in time.
In this chapter, all the costs and risks will be listed as well as the criticality of different
component types will also be examined. These discussed factors will all be included into the
availability tool, where a proper decision on individual component’s availability could be
reasoned. All the estimations are based on the current statistics of Azipod propulsors, employee’s experience and theory based conclusions.
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As an example, a typical ferry ship, which is powered by Azipod D propulsors, is chosen to
be applied to the availability tool. However, the chosen ship is only designated for the purpose of example and it is not an operating ship. The component used in the review is thrust
bearing as it is one of the most critical components of the propulsor unit. In the table 7, the
specification of the ship is listed.
Table 7. The chosen ship’s specification.
Passenger capacity
Numbers of Azipod propulsors
Average ticket price
Average daily spending onboard per passenger
Vessel’s operating area

1500
2
150 euros
100 euros
Europe

5.2.1 Criticality analysis
To determine the criticality of a particular part or component, the affection during failure of
the part must be considered. Each components criticality is classified by applying the MRA
method described in the chapter 2.2.2. Since the first Azipod D propulsors has been in operation for only two years, there has not been any reported machinery failures from the condition monitoring system. To provide the MRA sufficient data, Azipod C condition monitoring
data is applied. By combining the MRA principles and the statistics of the current failures,
the criticality estimation of each component type is made.
To have a clear vision, the availability tool – Excel has a separate sheet for criticality approximation. In this sheet, the effect of particular component type failure is reviewed, and
the spare parts are divided into three different classes, the criticality of the component will
then be defined according to which class it belongs to. The first class of criticality includes
all the parts that during failure, the vessel is unable to operate. This is the class which ends
up with the highest criticality of an individual component. The next class consist of parts
that limit the operation of the vessel but will not stop it from operating. These parts could
also consist the parts, that during failure the onboard crew could make up a temporary solution until the replacement. The third group includes the parts that usually has another similar
or even identical part that operates onboard. These parts are for example steering motors,
they are critical components for operation, but during failure, it is possible to have limited
operation with the other unit, since Azipod Propulsors usually has atleast 2 steering motors,
some even have 4 steering motors installed onboard.
In addition, there are parts that are usually changed during dry dockings even they haven’t
encountered any failures. These parts are for example all the fastening parts and hoses. The
criticality of these parts must be analyzed separately, since they do not affect the operations directly but during failure, the Azipod Propulsors structure may fail. To define a correct criticality factor for these parts, the average condition of these parts during dry docking must be clarified. In emergency situations, some of these parts does not require replacements since the original parts are good enough to be used again. The average condition of these parts will be analyzed separately, and a proper criticality will be evaluated according to that.
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To summarize the listed critical components, figure 9 presented in chapter 2.2.2 is reconstructed to represent the structure of Azipod D in figure 22. In the layout figure, the components of the Azipod D are divided into subgroups based on their functionality. The criticality is determined separately for each subgroup.

Figure 22. System layout of Azipod D propulsor.
In the criticality analysis, the components cost, delivery time and installed base will not be
taken into account, these factors will be only considered when evaluating the availability
inventory. In other words, in this analyze, only the components functionality and criticality
to the vessel’s operations will be examined. The criticality is estimated and presented from
0 to 100%. To support the safety stock evaluation, the desired service level has been estimated into its own column in the criticality sheet.
Table 8. The criticality sheet from the availability tool presented. The parts that are suggested
to be stored in customer’s inventory are marked with green, the part that could be stored in
supplier’s inventory is marked with blue.
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5.2.2 Safety stock
In the costs of inventory sheet, the safety stock amount must be evaluated. As discussed in
the chapter 2.3.1, the safety stock amount could be evaluated by using formulas 1 and 2.
The expected demand of the consumable parts used in the formulas could be obtained from
the maintenance manual of Azipod D propulsors. The expected demand for other parts
such as bearings or sealings could be obtained by multiplying the total installed base with
the probability of failure. The actual demand could be obtained by summarizing the customers’ orders in the period i.
For the example case, the required factors for safety stock evaluation are listed in the table
9. The factors in the table are based on estimations and are not directly from any current
product.
Table 9. Required factors for safety stock evaluation of the specific thrust bearing. The review period is 5 years in this case.
Normal delivery time in weeks
16
Installed base
40
Probability of failure in 5 years
15%
The actual demand in the past 5 years
4
The desired service level required for the safety stock evaluation could also be obtained from
the chapter’s 5.2.1 table 8. The estimated desired service level for thrust bearing is 90%. By
using these factors in the formulas 1 and 2, the evaluated safety stock number is 12,8. This
will be rounded into 12 by following the Lean philosophy to minimize the additional inventory costs.

5.2.3 Inventory costs
As discussed in the chapter 2.3.2, there are several types of inventory costs. These will be
each examined separately and applied into the case study.
The largest costs of the inventory will be consisted of working capital and the warehouse
operational costs in this case. When optimizing the cost of inventory, it is also important to
consider the expected profit of each component. In addition, the stock out consequences
must also be taken into account, even the parts are not expensive, the stock out in emergency
situations may cost the customer a lots of money.
The obsolescence cost will also be estimated by using the statistics of the current inventory
situation. Obsolescence costs includes all the parts, that has been replaced with a new design and the parts that has been stored for too long time so it is unable to be used. Besides
the obsoleted components, the parts that are stored for a certain of time will have a decrease on its value, this is also a part of obsolete costs even the component is not obsolete.
This will be taken into account by estimating a certain value percentage drop of stored
components over a time constant (for example a year). In addition, some parts may become
unusable after a certain period of time, even if there is not any new design that replaces it.
These parts are for example the sealing parts, which rubber component’s sealing ability
would decrease in the function of time. The obsolescence cost will be proportioned into the
total inventory value and presented as the “Average drop in components value per year in
percent”.
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Table 10. The cost sheet of the availability tool. The average drop of components value is
evaluated with the average obsolescence costs of inventory.

In table 10, the inventory cost for the selected thrust bearing is evaluated. The cost of the
thrust bearing and the working capital interest are estimated. With these factors, the evaluated total cost for a year is 252 000 euros, this includes the working capital interest and the
obsolescence costs.

5.2.4 Pricing
To have the listed costs covered, it is important to have a proper pricing model for the safety
inventory components. Since ABB Marine already has a global pricing model for spare parts,
a possibly additional fee could be added into that for the availability inventory components
during cases, that requires shortened lead time of component.
The target is to cover the costs of inventory as well as the possible image affection costs but
at the same time to keep the customers satisfied. With the higher price of the availability
spare parts, it is also possible to motivate the customers to buy the spare parts into their own
inventories with cheaper price.

5.2.5 Losses due failure
As discussed at the beginning of chapter 5, there are two types of losses due failure. The
financial losses and image affection. In this chapter, mainly the financial losses is reviewed.
The image affections will be reviewed in chapter 5.1.5.
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The financial losses have three main factors, the cost of the replacement, including the component, labor and possibly the cost of dry docking, the possible compensations paid to the
passengers and the future losses in profit if the vessel must stay for dry docking. The component cost, labor and possibly cost of the dry docking can be estimated from the previous
projects. The compensations paid to passengers and the future profit losses can be estimated
and evaluated from the operational profile and capacity of the vessel.
The component, labor and dry docking costs are part of the total service costs in the Excel
tool. The component cost is not simply just the replacement of the failed component. For
example, failure of the propeller bearing involves replacing not only the bearing itself, but
also the shaft sealing and the fastening parts. This is the main reason, that if including the
propeller bearing in the availability plan, the shaft sealing and other parts must somehow
also be included. Since the sealing parts has certain time of validity, it is recommended to
keep the availability of sealing parts in our suppliers’ inventories.
Table 11. The Cost for customer due failure – sheet presented. The cells that are filled with
yellow requires users input.

With the given factors and estimation of 14 days of dry docking, the total cost for the customer will be 2 745 000euros. This includes the estimated profit losses, compensation paid
to passengers and the dry docking costs.
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5.2.6 Image affections
In this chapter, the image affection is going to be estimated by combining the discussed
factors below. The image affections usually do not have any direct losses at the moment of
the failure event. However, it has a big affection on the future sales company’s image. Image
affection usually has greater impact than just the price of a component, some of them cannot
be estimated with money. That’s why the image affection has a higher contribution than the
costs on the availability decision.
The criticality analyze has direct effect on the image affection estimation. The more critical
the component is for the vessel’s operation, the more it affects the image of a company during failure. In the Excel tool, the image affection factor could be estimated from the criticality of the component group.
In the image affection estimation the component failure effects will also be examined, for
example, will the passengers notice a difference in operations if a steering motor fails compared to a failure of thrust bearing. Besides these, the operational profile of the ship will also
be considered, for example some tankers will not have much media attention during a failure
compared to a large cruise ship with 4000 passengers onboard.
To have a rough estimation on the image affection, the total loss of the vessel’s operator will
be multiplied with a certain constant, which will be the estimated image affection. As discussed, it is hard to have an accurate estimation on the image affections. That is why the
used constant could be changed according to different customers and situations. The value
evaluated by this constant, will be an estimation of summarized image affections, which also
includes the affection on the upcoming sales. The image affection constant is set to 50% by
default.
According to the Lean philosophy mentioned in chapter 2.3, services should focus on customer satisfaction that has a direct effect on image affection. Therefore, image affection is
compared with the total cost of inventory in the availability tool.
Table 12. Image affection evaluation.
Image Affection Constant
Cost for customer
Estimated image losses

50%
2 745 000
1 372 500

With an estimated image affection constant of 50%, the image causes caused for company
will be 1 372 500 euros. In the final availability decision, the image affection will be compared to the total cost of inventory for the selected component.
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5.2.7 Installed base
As discussed earlier, the installed base of the components has direct affection into the availability decision. The installed base is presented in an own sheet in the Excel tool, where each
projects Bill of Material (BOM) is listed.
There are currently five vessels, that are powered by Azipod D propulsion system, under
operations. These vessels’ installed base are all listed into the installed base sheet, and the
total installed base of each material is summarized into its own column, which is marked as
red. The criticality and desired service level could be evaluated according to the subcategory
the component is part of.
Since some components of Azipod D shares the same design as other Azipod types, the
installed base of other Azipod types must also be considered during the availability decision.
The total installed base of Azipod fleet will have a direct affection on the availability planning and the total value of inventory.
In the installed base sheet, component of the same type will be grouped together according
to the module it is included in. By doing so, the user could easily see how many variations
there are for each type of components and as for a future improvements, these parts could be
examined together and replaced by a single design.
Table 13. A view of the installed base sheet of the availability tool, the total installed base
of each material is summarized in the red column.

When using the availability tool, user must first locate the subject of review from the installed base. The total number of chosen component can be found in the red column in table
13. This number is used to estimate the expected demand in the safety stock evaluation. The
installed base could also be used for compatibility check of components, since every single
component of each project are listed into the installed base sheet.
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5.2.8 Classification of components
During the design stage of a vessel, the structure and machinery must be classified by the
classification society to ensure the reliability and safety onboard. This is a mandatory step
in ship design process. [OMCS, 2016]
Since the Azipod propulsor is a part of the propulsion system of a vessel, certain spare part
types must also be classified. The spare parts must be classified by the vessel’s original
classification society. This usually will cause some additional difficulties in inventory planning, since the spare parts are usually already classified during the manufacturing process.
Because of this matter, the spare parts that are stored in the inventory are only compatible
with certain vessels that are classified by the same society, even if the component design is
the same. This is an important thing to consider in the availability planning.
Currently in the installed base, there are only two different classification society involved.
Two vessels are classified by the DNV GL and the rest three vessels are classified by the
CCS. The DNV GL is the world’s largest classification society, some other societies also
approve the DNV GL classification and would make the reclassification process easier. This
is why the components should be primary classified by the DNV GL. In case the inventory
is going to have components more than for one vessel, the classification proportion should
be according to the classification distribution among the installed base.
Table 14. A list of world’s largest classification societies that are members of International
Association of Classification Societies IACS. The DNV and GL merged into DNV GL in
2012. [Maritime Connector, 2007, Modified by, Chun Ip 02.05.2019]
Classification Society
Abbreviation
Established in
American Bureau of Shipping
ABS
1862
Bureau Veritas
BV
1828
China Classification Society
CCS
1956
Croatian Register of Shipping
CRS
1949
Det Norske Veritas
DNV
1864
Germanischer Lloud
GL
1867
Indian Register of Shipping
IRS
1975
Korean Register of Shipping
KR
1960
Lloyd’s Register
LR
1760
Nippon Kaiji Kyokai
NK / ClassNK
1899
Polish Register of Shipping
PRS
1936
Registro Italiano Navala
RINA
1861
Russian Maritime Register of
RS
1913
Shipping
In the installed base sheet, the components that requires classification are marked with
green color. These parts are usually the most critical parts of the propulsion system. These
parts are for example; steering motor and gear, slewing bearing, slewing sealing, thrust
bearing, RFJ and shaft sealing. When ordering the listed components, the lead time could
be longer than usually since the classification process requires 1 – 3 weeks depending on
the classification society. Because of this, these parts should be included in the availability
planning to provide shorter lead time for the customer.
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5.3 Risks
In this chapter, all the risks included in the inventory planning is reviewed. To have a better
understanding on the importance of safety inventory, the risks must be acknowledged. The
safety inventory’s main goal is basically to achieve a balance between cost efficiency and
the risks.
The risk of stock out is probably the most relevant factor among the risks. In case of stock
out, customer loses possible profits and ABB will lose its reliability as a supplier. Reliability
decrease will end up in image affection of the company, and it has direct effect on the future
sales. These effects are usually hard to evaluate, but it has been estimated by taking the
operational profiles of the Azipod D powered vessels into account.
From the operational profile of the vessels, the operation area could be found. The operation
area is important to take into account when analyzing the risks of stock out of the supply.
Different countries have different methods applied on their customs and it will have a direct
affection on the delivery of products. In the table below, 5 countries in Asia and their custom
processes are listed. As we can see there could be large variety between the countries,
China’s clearance would take up to 2 days when compared to Hong Kong which would be
almost immediately done. In addition, China would require 5 different documents in case of
import compared to Singapore, which only needs 1 document. If these documents are not
prepared beforehand, the shipment could have delay and the company could end up failing
to supply its customer in time. These documentation for China’s custom includes for example the country of origin certificate and the components value documentation etc. [Ma. 2019]
If all of these required documents are prepared during the inventory planning, the risk of
stock out would decrease in China or any other countries that has special requirements on
documentation. The additional work or difficulties caused by the location of the operations
will also be considered in the Excel tool as logistic difficulties and it will be rated between
1–5.
Table 15. The overall custom process and efficiency in 5 comparison countries in Asia. [Juntunen, 2014]
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As discussed in the chapter 4.4, a large part of the installed base of Azipod C equipped
vessels is operating in China. This will cause additional documentation requirements for
the spare parts. The documentation should be prepared during the purchasing phase to minimize the risk of delay caused by the customs of China.
For larger vessels, the suitable dry docking locations must also be considered, since there
aren’t always large enough dry docking pools in the docks that are located near the operational route of the vessel. However, this matter does not affect the Azipod D propulsors
availability planning, since the vessels aren’t exceptionally big.
Besides analyzing the risks’ probability, it is also important to consider the current installed fleet. Since there are currently only five operating vessels, that are powered by Azipod D propulsors, even one stock out event will end up with high percentage of stock out
probability among the installed fleet. Therefore, the spare parts inventory at the beginning
of a new product must be planned differently than the products that has larger installed
fleet. For this matter, the total installed base of the Azipod D propulsors will also observed
and a reasoned estimation will be evaluated.
In addition, environment risks must also be considered. During sealing failures, oil will
leak into the ocean and pollute the environment. Some particular countries, for example
USA, have certain environment restrictions for vessel’s operations, which prohibits the
vessels from operating in case there are oil leaks. [McLauchlan, 2018] The Azipod propulsors usually can keep operating during a small leaking of the seals, but in case they are operating in USA area, they are prohibited to operate, even if the propulsion works, and could
even end up with sanctions. Additionally, USA also limits the used anodes in the Azipod
propulsors hull, the used anodes must be made of aluminum. Currently ABB has two different types of anodes, some of them are made of zinc and some of them are made of aluminum. When planning the anode supply for the vessels that operates in USA, it is important to only supply aluminum anodes, otherwise the vessel is prohibited to operate.

5.4 Usage of the availability tool
The usage of the availability tool is designed to be simple and easy to use. User only has to
input the factors that are highlighted with yellow and the tool will be able to make a decision
out of the given factors. The required factors can all be found in the Excel tool’s sheets
depending on the spare part type.
To evaluate the image losses, user must input the required factors into the “Cost for customer due failure” sheet. If the factors are unknown, estimations are sufficient. When the
total cost for customer is evaluated, the tool will multiply it with the image affection constant. The initial image affection constant is set to 50%, but it could be changed depending
on situations.
In the component criticality sheet, user must select the spare part group that the selected
component is a part of. Each spare part group has its own specific criticality and desired
service level varying from 0 to 100 percent. These two factors are both required in the
safety stock evaluation – sheet.
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In the installed base sheet, each single component installed base per project can be seen. The
total installed base column is marked with red, this is the most relevant factor in this sheet.
Besides the availability planning, this sheet could also be used in the normal spare parts
business.
For final safety stock decision, the availability tool has an inequation comparing inventory
expenses and image loss. Image loss is computed by multiplying with criticality, logistic
factor and customer cost, and it is set to be on the left side of the equation. Inventory expenses
are in turn computed by summing up inventory cost and cost of the component itself, and it
is set to be on the right side of the equation. With a higher estimated image total loss, the
tool would return an approval decision, while with a higher estimated total value in the inventory cost, the tool would return a rejection approval.
Table 16. The main sheet of the Excel tool, where the user must input the required factors
into the cells filled with yellow to evaluate the availability decision.

5.5 SWOT analysis of the tool
SWOT analysis is generally used to recognize the strengths, weaknesses, opportunities and
threats of projects or companies. The analysis offers an objective approach to the tool, supporting its future improvements. However, the final decision of enhancement is made by the
user’s interpretation. To have a better understanding of the tool, the SWOT analysis is performed below.
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Figure 23. SWOT analysis main points presented.
Strengths
Compared to the current state, there is not any reasoned or unified system for spare parts
availability planning. With the tool, the cost efficiency of after sales business could be improved and at the same time the risks are kept minimal. In addition, the installed base sheet,
which is a part of the Availability tool, is a useful tool in normal after sales activities, this
will improve the overall efficiency of spare part delivery processes.
Weaknesses
The availability tool is made with certain factors and limited theory, which limits the tool’s
functionality in certain situations. The tool is also made for Azipod D propulsors, which
could possibly cause difficulties to apply it for other types of Azipod propulsors.
In addition, some of the factors were estimated, since they are impossible to evaluate accurately. These factors, for example the image affection constant, are hard to evaluate since
there are no right answers. This will cause a certain inaccuracy in the results.
The inventories always have costs, which will decrease the cost efficiency of the processes.
Same applies for this availability inventory.
Opportunities
As discussed in the introduction chapter, the markets of cruise industry are growing, the
customers have higher expectations from their supplier. ABB as the propulsion system supplier, by improving the availability of spare parts, the overall serviceability, service efficiency and reliability will also rise as well.
In addition, the availability model could be improved over time, as the users could add factors that are relevant to the availability decision. The presented spare part model is also a
good tool to bring the existing problems up, such as high variation of components.
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Threats
As the fleet of vessels powered by Azipod D propulsors grows larger, it is possible that the
installed base of components could have larger variability compared to the current situation.
As the variety of components grows, the total cost efficiency would decrease from the point
of view of availability planning.
In case there are any new design for the components, there will be additional obsolescence
costs for the company.
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6. Conclusions and summary
6.1 Summary
As discussed, an availability inventory is reasoned in order to keep a high serviceability and
reliability among the products. It will also improve the overall service efficiency and the
competitiveness of the company.
When Lean six sigma is applied to customer service, customer satisfaction is prioritized. In
order to keep the customer starisfation level high, down time of the propulsors during failure
must be as short as possible and this is the main reason for maintaining an availability inventory.
Compared to the current situation, a reasoned and unified availability model is defined for
Azipod D propulsors. With the designed availability model, a better overall efficiency in the
spare parts supply processes can be achieved. Besides internal process efficiency, a higher
customer satisfaction could also be reached which will enable higher competitiveness for the
company.
To adjust current inventory to correspond with the model presented, each component located
in the inventory must be examined with the availability tool. The current number of each
component must be compared to the tool’s suggested value and amount must be changed
according to it. When checking the current numbers of components in the inventroy, it is
also important to consider the total installed base of other Azipod types since the Azipod D
propulsor shares some component designs with for example the Azipod C propulsors. The
total installed base of Azipod C can be found in a separate excel list which could be used
with the Azipod D installed base list.

6.2 Future improvements
The presented availability model is designed according to the current situation and the limited theory. Since the current availability tool is designed according to the current Azipod
D installed fleet, the tool must be modified as the fleet grows larger. To have the best outcome out of the spare parts availability model, it has to be improved continuously with the
collaborations of other departments and introduced for every personnel which are a part of
spare parts supply. It is also important to remember, that the presented Excel is only a tool,
where only certain amounts of factors are taken into account. To have the best possible solution for each case, it is important to apply individual experience and reasoning.
In addition, the installed base of all other Azipod types could be combined with the current
tool to have the best possible outcome. This will also enable a broader view on the components of all types of Azipods.
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Besides the basic storage and availability management, it is also important to consider the
development of the new products from the view of serviceability. Currently we have few
varieties of each components in our installed base which makes the safety stock management
difficult. In order to have a more efficient inventory management, it is important to consider
the component variations in the product development. Reducing the variation between components would reduce the total value of the storage and at the same time improve the availability and serviceability between products. With this kind of improvement, it is also possible to shorten the required time of after sales process since the time used on combability
check can be shortened with the same components between product types. Furthermore, the
condition monitoring system could also be applied for other components such as steering
equipment which also are critical parts.
As the current installed base has many similar parts to each other, which only has slight
specification differences. As an example, the design of the strut module’s hoses. Currently
there are 38 different hose types and each of them only has few centimeter differences in
length compared to the others. These parts could be replaced with a unified design for all the
same class Azipod propulsors, this will reduce the total variation of the inventory and improve the overall cost efficiency of service.
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