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Maintenance costs are a major part of the asset’s overall life cycle costs. Many strategies and
calculation models have been presented in the past, but the calculation should be done with case
by case approach based on the characteristics of the subject.

The aim of this thesis is to examine the effects of maintenance costs of investments during their
life cycle. A literature review of different maintenance and asset management methods to
achieve this. The thesis also analyses the development of maintenance costs during a long
period of time for the case company’s pulp mill’s recovery system. A comparison of repair
investment and replacement investment with a new system is done with a calculation model.
The model is based on company’s maintenance cost history data and the estimates for repair
and capacity investments of the current system, as well as estimates for the new system based
on similar already existing investments.

The results for the thesis present maintenance and asset management theory to support the
decision making, and define how the maintenance costs are formed during the asset’s life cycle.
Based on the theoretical study the thesis presents a calculation model for the case study. This
model can be used to calculate and compare the investment and maintenance costs between the
different investment options. The calculation model can be clarified in the future by adding
more yet to be defined costs when the investment plan proceeds. The model includes four
different investments according to the investment type and the beginning year, and the ability
to create different scenarios to test the impact of variables by changing investment and
maintenance costs.
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Kunnossapitokustannukset muodostavat suuren osan koko investoinnin
elinkaarikustannuksista. Kunnossapidon hallintaan seka laitteiston korvaamiseen on kehitetty
useita eri strategioita sek& laskelmamalleja, mutta laskentaa on syytd tehda aina
tapauskohtaisesti kohteen ominaisuuksien mukaan.

Tyon tarkoituksena on selvittdd kunnossapitokustannusten vaikutusta investointeihin niiden
elinkaarien aikana. Tama tehdaan kirjallisuuskatsauksen muodossa, jossa kaydaan l&pi seké
kunnossapidon ettd omaisuudenhallinnan menetelmid. Tyossd tarkastellaan myds case-
yrityksen sellutehtaan talteenottolaitoksen kunnossapitokustannusten kehittymistd pitkalla
aikavalilla ja vertaillaan vanhan jarjestelman Kkorjausinvestointia ja sen uudistamista
korvaamalla se  uudella laitoksella.  Laskentamalli  perustuu historiatietoihin
kunnossapitokustannuksista seka yrityksen arvioihin korjausinvestoinneista ja uuden laitoksen
investointikustannuksista perustuen vastaaviin jo tehtyihin investointeihin.

Lopputuloksena ty0 esittdd kunnossapidon- ja omaisuudenhallinnan tueksi teoreettista pohjaa,
ja selvittdd miten kunnossapitokustannukset muodostuvat elinkaaren aikana. Tydssa esitellaan
erilaisia  kunnossapidon seka korvausinvestointien teorioita ja luodaan néiden oma
laskentamalli. Case-tutkimuksessa saatiin luotua investoinnin paatdksenteon tueksi malli, jonka
avulla voidaan laskea ja vertailla investointien ja kunnossapidon kustannuksia eri vaihtoehtojen
valilla. Mallia voidaan investointisuunnitelman edetessé tarkentaa liséamélla vield
selvittdmattomid elinkaarikustannuksia. Laskentamallissa voidaan vertailla neljad eri
investointia investoinnin tyypin ja alkamisvuoden mukaan sek& luoda erilaisia skenaarioita,
joiden avulla voidaan testata muuttujien vaikutuksia syottamalld vaihtamalla investointi- tai
kunnossapitokustannuksia.
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1 INTRODUCTION

1.1 Background

Life-cycle analysis is an essential part of any investment. A large scale investment may be
accumulating costs over its lifetime over decades, so planning of the investment is particularly
important. Analyzing these costs is also important when thinking about replacing an existing
asset either with a modernized or enhanced version of the current one, or a completely new
replacement asset. An adaptation investment is also a possibility when the markets change, and
adaptation is needed from the company. Replacement and adapational investments can also be
combined as mixed investment, where only parts of the assets are adapted (Nwaeze, 2005, p.
525-528).

Regardless of the size of the machine or production line, maintenance is the key part in ensuring
the reliable functioning of the equipment. Maintenance has been undergoing a shift from being
a necessary evil to being a partner of production. While in the past maintenance was a part of
production work, going forward the ideas of maintenance have to evolve with the evolution of
production from manual labor to automation. Waeyenbergh & Pintelon (2002) present this

development in time perspective in figure 1:



~
sManpower (simple)
oFix it when it breaks
eMaintenance is a production task needing manpower
J
)
eMechanisation (complex)
*Preventive maintenance (PM), work-order management. Availability, Longevity, Cost.
eMaintenance is its own department
J
eAutomation (more complex) )
eReliability, Availability, Maintainability (RAM) and Safety. Asset Management, Condition
monitoring
eMaintenance is not an isolated function. Integarition efforts y
~N
eGlobalisation (crossing boundaries)
*Optimal concepts, outsourcing and use of ICT
eMaintenance meets production, a partnership between external and internal stakeholders )

Figure 1. Maintenance in a Time Perspective (adapting Weyenbergh & Pintelon 2002, p.
301)

Maintenance management has become more and more important in the past years. Different
models for optimal timing and resource management have been introduced during the years.
This thesis takes a look at the different models and compares them within the context of large
scale production facilities. Maintenance is becoming more and more preventive and for
example condition-based maintenance has been trending over the years. Maintaining assets
during its lifetime ensures reliability and safety for workers.

Asset management is a major part of the life-cycle planning as it sets the roadmap for the whole
lifecycle of the asset from beginning till the end and disposal. While proper maintenance
prolongs safe and proper activities carried out on the asset, at the end of the lifecycle, the asset
is being replaced as the failure rate or maintenance costs increase to a too high level. A valid
repair can only be delayed, but it has to be done at some point. After the asset has been used

and is closing the end of its planned life-cycle, an analysis for its future should be done.



Calculating life cycle costs for the investment plan can be done with different methods. These
include for example Net Present Value (NPV) and Internal Rate of Return (IRR). Life cycle
cost calculation is not exact, and it may include major risks that have to be addressed. One way
to address them is to build a sensitivity analysis, that gives information of how the costs
fluctuate when changing the values by certain percentages.

The case company has an end of life-cycle recovery system in its pulp mill, that is facing the
point where it either needs major repair investments or an investment in a new one. The old
system is also scaled for a certain volume of pulp production and has already exceeded this
limit. Therefore in addition to repair investment it would also need a capacity investment, that
would allow it to match the capacity increase both planned and unplanned capacity increase of
the fibre line. The production for pulp in Finland has increased steadily and has quadrupled
since 1960 to 2021 from around 2 million tons to around 8 million tons. (Metséteollisuus 2023).
This increase in overall production is also a factor in the decision making of the investment as

the market seems to be still growing.

1.2 Objectives and research questions

The objective of this thesis is to provide and analysis for four different scenarios of maintaining
a large scale asset by repairing the old system or by replacing it by a new one. The different
scenarios are based on the beginning year of the investment be it a repair investment and
keeping the old system or replacing the current system with a new one based one. A preliminary
analysis tool is done in Excel that helps understanding the cumulating costs of different options.
The analysis tool also includes a scenario analysis tool that can simulate the effect of increasing

or decreasing of different costs.

To have a solid base for the analysis and proposed tool, a theoretical study is conducted to
understand both maintenance and life cycle investment thinking. The maintenance part includes
maintenance management, asset management and replacing versus maintaining assets. The life

cycle investment part undergoes life cycle thinking and investment calculation.
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In order to reach the main objective of this thesis the following research questions have to be

answered

1. When is it better to invest in repairing or replacing the current asset based on
maintenance?

2. How are the maintenance costs affecting the life-cycle of an asset?

3. When is it optimal to replace an asset based on maintenance costs?
The figure 2 presents case study of this research; determining the best course of action based
on the investment and maintenance costs and the three options with different beginning years

for the investment. These four different options are examined by their cost structure over the
timeline of the study.



Replacing current
the system

Investment
Decision

Repairing the
current system

Figure 2. Case Study of this Research

1.3 Research methods and limitations

11

Investment option 1 +
Maintenance costs

Investment option 2 +
Maintenance costs

Investment option 3 +
Maintenance costs

Repair investment +
Maintenance costs

The thesis includes a literature review based on past academic study on asset and maintenance

management as well as life cycle thinking and calculation to form a thorough understanding of

the case. Literature review includes well-known authors as well as more recent case studies on

the matter. The thesis is constructive in design. Kasanen et al. (1991, p. 305) states that

constructive research focuses on problem solving by for example building a model. This thesis

includes a calculation model that aims to answer the main research question. The case study

begins with analysis of the current situation and presents scenarios built with the presented

calculation model. Research material includes case company’s past maintenance and
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investment material as well as estimates for future investments based on existing investments
on other companies. The history and future estimate values used in this thesis are significantly
modified from real data to ensure confidentiality of the case company. Maintenance costs for
this study are set to stay stable during the following years. The timeline for this thesis is set to
cover 12 years 2023-2035, as it is the timeline of the investment estimates for the current

systems investments.

As the scale of the case study of this thesis is very large and the focus is in the preliminary study
of the investment case, this thesis is focused on maintenance part in life-cycle analysis, and
comparing the costs between maintenance, repair investments and replace investments. The
theoretical part still includes other parts of life-cycle analysis and investment appraisals, and
the calculation tool provided in this thesis is also capable of having more cost. The calculation
tool includes one operational cost factor, salaries of the production personnel, as an example.
More cost factors should be added as the investment planning proceeds. This further

development and analysis including more costs and other factors are handled in Chapter 7.

1.4 Structure of the thesis

The thesis is divided in to five different parts. After the introductory chapter 1, chapter 2
includes the theoretical background for life analysis and maintenance. The focus for this chapter
IS to combine these two themes to build the cost calculation model and the idea behind it.
Chapter 3 introduces the target for this study by going through the structure of the chemical
recovery system in a pulp mill. Example costs of the different parts of the recovery system are

presented here. The chapter also includes the characteristics of the case mill.

Chapter 4 is the case study of this research. A calculation tool is created to calculate four
different scenarios based on the year the investment is scheduled to begin. The case study spans
over 12 years and covers the investment and maintenance costs as well as an example
operational cost for the future development. A sensitivity analysis is also conducted, as well as
scenario analysis that can be used to test the different outcomes based on changing any of the

costs used in the model.
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Chapter 5 wraps up the summary of the analysis and the investment scenarios based on the
calculation tool and the comparison between the different options covered in this thesis. Chapter
6 is the conclusion of the thesis, and chapter 7 presents a path to further research and

development of the calculation tool.

Structure of the thesis is presented in figure 3.
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Figure 3 Structure of the thesis
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2 LIFE CYCLE AND MAINTENANCE MANAGEMENT

2.1 Life cycle and asset management in investment planning

Investment projects of facilities are usually long term commitments, and as such need a
thorough planning before initiating the investment. Large scale investments, such as the case
study of this research, are especially critical in that they are usually used for many years or even
decades. Decades long runtime can multiply right or wrong decision made during investment
planning to great amounts, leading to either major costs or profits. That makes it important to
calculate the cost and possible profits beforehand as detailed as possible to minimize the risks

during the life cycle of the investments. (Tsutsui and Takata 2011, p. 184)

Life cycle costs (LCC) include the total cost of a system during its operational life until disposal.
While especially in the past purchasing practice considered only the initial purchase price, LCC
considers into account a more overall view of the system during its planned life cycle. The life
cycle phases of equipment should be considered to include the time period from system concept
and definition to its disposal. These phases can be identified as nonrecurring costs and support

costs that are divided into five different costs.

Nonrecurring costs include:
1. Concepting and defining the system
2. Designing and developing the system
3. Manufacturing, building and installing the system

The support costs include:
4. Operational and maintenance and repairing support
5. Disposal. (Houshyar 2005, p. 7)

Crespo Marquez (2007) categorizes the different costs on the timeline and life cycle of the asset
according to figure 4:
- Development Costs: designing, market and product research, design and premise for

engineering work
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- Investment Costs: Acquisition and construction planning and execution costs,
production planning including testing, service creation, process development et cetera.

- Operation Costs: Production costs, preventive and corrective maintenance and logistic
costs throughout the life cycle. These costs may increase during the life cycle as the
maintenance and repair needed for the asset might increase over the years

- Removal costs: Disposal of unusable elements, breaking down the system and recycling

available materials.

Of these costs the development and investment costs are capital expenses (CAPEX), while the
rest of the lifecycle costs are operational expenses (OPEX)(Crespo Marquez 2007, p. 277.)

j¢—— CAPEX >4 OPEX »
Capital Costs Operational Costs
Development Investment Operation
le—0sls g COSS £o8is >

Acquisition

[ X

Corrective Maintenance+ Security, Environment, Production=
Non Reliability Costs = Risk

———— Remve
Time (years)

Figure 4 Cost Distribution over the Investments Life Cycle (Crespo Marquez 2007, p 277)

The overall life cycle cost is the sum of CAPEX and OPEX. Operational and support costs are
typically around 50% of the total costs, but this may increase drastically in case the asset is
being used for a long time, even exceeding the planned life cycle. (Houshyar 2005, p. 7)

If focusing on the reliability and maintenance of the investment, the development phase should
be researched and studied thoroughly as studies are showing how during this phase as much as
95% of the life cycle costs are determined. Once the construction stage has begun, only 5%
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opportunity is left where the reliability and maintainability could be improved (Houshyar 2005,
p. 7). The opportunity to influence costs and cumulative costs can be seen in figure 5, where
they are presented over time (Hastings 2015, p. 150). During a long life cycle this could
dramatically increase the operational costs and therefore risk the profitability of the investment.
Another important thing to note is that purchasing a lower cost equipment could result to
increasing downtime, production losses and lower quality, which leads to more costs on the

operational phase. (Houshyar 2005, p. 7)
Planning Acqguisition Opearation Disposal

e
-

*— Cumulative Cost

Opportunity to
-..,____,.._fa influence costs

Time

Figure 5 Life cycle stages (Hastings 2015, p. 150)

Houshyar (2005, p. 7) lists a few relevant factors that should be defined to avoid inconsistent
factors in the evaluation process and thus avoid wrong decisions as well. These factors listed
include:

1. Purchasing price

2. Administration costs and engineering costs

3. Training costs for all stakeholders
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Conversion costs for the system

Transportation and logistics costs

4
5
6. Labor and utilities costs
7. Consumable costs

8. Wastehandling costs

9. Cost of loss of production

10. Cost of scheduled and unscheduled maintenance costs as well as maintaining spare parts

11. Salvage value of the equipment.

Operational costs should also include energy efficiency if focusing on production machines, as
they are responsible for a large part of the industrial production’s energy consumption. Based
on past studies optimization at both machine and component level have high potential of energy
savings, that could lead to energy demand reducing by more than 50 %. This can be achieved
by using functional modules that are optimally dimensioned, using components that are energy
efficient and introducing demand and process oriented controlling of components in addition

of overall process optimization. (Heinemann et al. 2014, p. 143)

As stated before, maintenance is a major dimension in assets life cycle. Therefore it should be
closely considered when defining the asset’s overall life cycle costs. Waghmode and
Sahasrabudhe (2012, p. 357) present well how the aspects of a repairable system’s life cycle
are formed in figure 6.
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Figure 6 Life cycle stages for repairable systems (Waghmode and Sahasrabudhe ,2012, p.
357)

Enviromment

The proposed asset life cycle model (ALCM) by Schuman and Brent (2005, p. 572-577) for
chemical plant such as the case study plant of this thesis gives insight on especially the operating
and retirement dimensions of the life cycle. The model is as follows:
1. ldentifying the needs for assets
2. Conceptual and preliminary design for the asset
3. Development and design in more deteail
4. Acquisition, construction and/or production
5. System utilisation and life cycle support
o To reliably support the process utilization, the plant should be operating within
the design parameters. The parameters should be defined in during the previous
stages, namely stage 2 and 3. Operating outside of the most effective and
efficient way described in the design parameters can cause production loss and
negative impact on equipment condition. In the worst case a fatal failure may
cause accidents that can harm the workers. A monitoring system for operations
and flagging deviations should be essential
6. Retirement of the asset
o Even a large chemical plant is designed to have a finite lifetime, however it
usually exceeds the anticipated operational life, in most cases significantly.
Usually the whole plant is not retired, but rather degraded and worn systems of
the plants are replaced. Retirement should be taken into consideration in early

designs, as it should be able to be disposed with minimal costs and the least
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damaging way to the environment around it. A replacement plan and framework
should be done well in time before the retirement. (Schuman and Brent 2005, p.
572-577)

2.2 Maintenance management
When carrying out maintenance strategies during the asset’s life cycle, it is necessary to state a
required functional level, which determines the maintenance actions. This required functional

level ensures the appropriate profits and meeting the requirements of customers or society.
Takata et. Al (2004) present the functionality and corresponding actions over time in figure 7:

Upgrade

level

Preventive Breakdown
maintenance maintenance

Improvement

required | 4 N '
functional "rT' T T \

level

Functional

Initial Functional Failure  Change of the required
malfunction degradation functional level

Time

Figure 7 Maintenance activities to ensure functional level (Takata et. al, 2004, p. 644)

Reina et al (2016, p. 675-676) state that maintenance can be carried out with four different
strategies. The first one is Corrective Maintenance (CM); System is restored to its operational
status after failure occurs. These maintenance works are not scheduled and normally have high
application costs. This type of maintenance can be convenient when the failure is small; it
should not have a significant effect on production or cause collateral damage to other assets.
The second strategy is Preventive Maintenance (PM); Scheduled and periodical maintenance
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work aims to failure rate reduction and failure probability of the system. It has lower application
costs as it is more planned. Preventive maintenance can be effectively used on in case of aging
and wearing items. The third strategy is maintenance that is based on periodic Inspections (IN);
Assets are inspected at scheduled intervals and only in case of approaching failure found in the
check the maintenance work is done to prevent it. The fourth strategy is maintenance based on
real-time Condition Monitoring (CBM); Predictive maintenance that is based on past trends to
predict failures. Continuous monitoring, detection, diagnosing and analyzing are done in order
to have a responding action. This maintenance type aims to eliminate the root causes of failures

before they cause a major breakdown and damage. (Reina et al. 2016, p. 675-676)

Condition based maintenance allows the use of optimal time of maintenance, that is right before
the failure. When time reaches 0 point the system is broken. If maintenance is done always
before the optimal time, the frequency of said maintenance increases and therefore it adds to
the costs. On the other hand, if maintenance is carried after the optimal time the reliability
decreases rapidly and risk of failure increases at the same rate (Peng et al. 2010, p. 298). This

optimal point is presented in figure 8.



22

=

o

Optimal time for %
maintenance 3
-

[m]

m

1

(=]

4

L

Time until failure 0 15 0

=

©

=

o,

s

\

Figure 8 Time until failure in correlation with maintenance costs and reliability (Peng et
al. 2010, p. 298)

Each of the maintenance strategies introduced above can be carried out according to three
different policies. First one is internal crew; machine user employ techincians who carry out
the maintenance work. The second policy is on demand external service; external companies
provide the maintenance work when it is requested by the user. Usually this includes a fixed
cost for the user for every call to maintenance. The third is annual contract external service;
External company has a annual framework for the the maintenance work. (Reina et al. 2016, p.
675-676)

Maintenance amounts for a substantial sum and in many industries the maintenance personnel

can comprise a major number of the total work force, for example in the chemical process
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industry this number can reach 30%. This will have considerable impact on the operations and
logistics level, if focusing on flexibility, throughput time, quality et cetera. Therefore, the
financial implications of maintenance can be remarkable, and this makes maintenance more
and more part of the integrated business concept. Also the external service from the previous
paragraph is trending more and more (Waeyenbergh and Pintelon 2002, p. 300).

Higher frequency in inspections can provide more important information about the asset’s
condition. Therefore maintenance actions can be performed more effectively and unnecessary
preventive replacements can be avoided. Also with more inspections the number of
replacements due to failure could be reduced. This allows reduction in maintenance costs of
said failures and replacements, when they are only carried out when needed. These savings can
also be negated by having the inspections run at a too high frequency; these inspections require
maintenance personnel, specific test tools and sometimes stopping of production in order to
conduct. There is a fine balance between having too many inspections that cause costs to carry
out, and having too few inspections that could case missing of preventable failures and
breakdown of equipment. Finding the right amount of inspections at the right moments is
necessary in order to save money (Golmakani 2012, p. 3922). Another way to decrease these
costs is to have it done by measuring equipment that does not need labor to use. Obviously they

cannot cover every possible inspection or monitoring.

As the goal of Condition Based Maintenance is to reduce costs, there have to be some
requirements to make it happen:
- The cost reduction of maintenance and failure replacement is greater than the added cost
caused by the increased inspections
- The inspections have to take the machine’s age into account; if the machine is new and
failure rate is low, the high frequency inspections might be redundant and just add
unnecessary costs. This is especially important if the inspection is costly
- The inspection frequency cannot be too low, as it could lead to not identifying needed
preventive maintenance work
The optimal way to save costs is to find a balance between the inspections and failures. This
can be difficult and would need a model to calculate. However when the optimal balance is
found, the CBM can reduce the costs significantly (Golmakani 2012, p. 3924-3925).
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Gathering failure, maintenance and repair time data plays a major role in estimating the overall
life cycle maintenance and repair costs of an repairable asset. Failure data consists of number
of failures that are likely to be observed and the cost caused by each failure. In other words
calculating the failure cost of a system leads to understanding how much each failure will cost.
This can then be multiplied with the estimated failure rate to form an life cycle cost estimate
that can then be compared to overall maintenance costs. Maintenance reduces the amount
failures, which in turn reduce the overall failure costs. Repair time is another factor to be
estimated, as downtime cost and reliability are important measurements as well. (Waghmode
and Sahasrabudhe 2012, p. 359)

Other optimization in maintenance control need to address the following two tasks: first there
has to be a way to measure the performance for the overall benefit of the organization, and the
second is the find the decision criteria with controllable variables which can be manipulated by
the replacement function in order to set up a policy. These performance measures have to be
laid down clearly and should be able to be met. After that the performance can be judged in
terms of costs for providing the service needed to organizational benefit (EI-Akruti et al. 2016,
p. 5949). If the benefits are not able to be measured there is no way to make decisions that are

based on measurable factors.

The exact financial effects of production can be hard to define at each service level. For example
calculating the costs of no production time due to repairing or replacing equipment and the
quality costs. Other costs that may be difficult to determine are the effects from delayed
production caused by not having functional equipment available. Production and maintenance
should be examined together, as they have impact on one and another. As the way the equipment
or asset is used in production influences the condition of the equipment, the decision making
on how to proceed with caution when using when they are at risky condition; using deteriorating
equipment in spite of the condition can lead to more rapid and more severe outcome. (El-Akruti
et al. 2016, p. 5947-5948)

While planning maintenance is not possible without the context of the operation plan, the

maintenance planning should also be optimized. from the system life cycle point of view. Since
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carrying out maintenance actions will affect production operations and then vice versa,
maintenance planning should include the consideration of its interactions with operations. A
concept like this can be defined as maintenance and operation integration, where losses from
both maintenance and operation should be evaluated conjoined. In other words the losses in
operation should include production losses that are cased by breakdown maintenance work or
preventive maintenance. In addition they could also include the losses caused by performance
losses due to degrading facilities and equipment. Labor cost, spare part costs and other expenses
that are results of failures can be included in maintenance losses. These other expenses can be
related to humans, products or the environment around the facility. (Tsutsui and Takata 2011,
p. 184)

Sustainability is considered very important to society, and maintenance is not away from this
thinking. Nowadays maintenance aims to be sustainable with the surrounding environment and
energy saving. Safety and economics are also part of this (Starr et al. 2010, p. 5). These factors
should be considered in addition to having the equipment usability, reliability and repairability
at high level during the assets overall life cycle (lung et al. 2009, p. 220). From the
competitiveness point of view the reliability and usability are critical factors especially in
applications, where safety and usability are key things (Starr et al. 2010, p. 5; Peng et al. 2010,
p. 297). Therefore well organized maintenance can be a critical dimension when improving
competitiveness. These factors were first used in nuclear power industry and was quickly

followed by aviation Starr et al. (2010, p. 6).

Developing and adapting analyses in safety and risk assessesments are being done especially in
chemical industry, but other industries have been steady following. The existing modes of
operation may not be usable as such for example in power plants or heavy industries such as
metal or process industries, as they value usability higher than reliability, as the minimal

standoff times are more important than lower probability of a failure. (Starr et al. 2010, p. 6)

2.3 Replacement versus maintaining current assets

In production system the over time deteriorating equipment decreases the product quality,

which accordingly increases the frequency of spoiled products. Conventional maintenance
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strategies tend to ignore the decreasing quality and instead focus mainly on the tool itself. This
can lead to losses in revenue as efficiency and high quality are vital in today’s heavily
competing market. When analyzing the need of replacing an asset the quality impact should be
also considered in addition to the breakdowns and repairs of the equipment. (Liu et al. 2017, p.
880)

Mathew and Kennedy (2003, p. 571-572) present a “Bathub Curve” within their optimal

equipment replacement analysis. The curve consists of three parts:

1. DFR: Decreasing failure rate that reduces sharply as the asset is being taken into usage.
This part ends as the asset is in normal usage until the T1 point, where it reaches CFR.

2. CFR: Constant failure rate is under normal operation, and the failure rate is almost a flat
line. This is the optimal part of the asset, until it starts degrading at T2 point.

3. IFR: Increasing failure rate increases gradually as the asset is being worn and degrading.
At the end of the asset’s lifetime its failure rate starts to increase as the degradation level

raises. This is shown in figure 9.

FAILURE RATE

S —
o

DFR CFR IFR

TIME

Figure 9 Failure rate of an asset (Mathew and Kennedy 2003, p. 572)

As the exact moment of the T2 cannot be known in advance, cost monitoring should be active
in addition to limit of failure rate in order to finding the best moment to replace the asset. The

failure rate limit can be different based on the machinery; a critical machine that during failure
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impacts other machinery or in the worst case stops the whole production have a low maximum
failure rate. On the other hand a smaller scale equipment that does not have impact on any other
equipment and does not interfere the production too much could have a much higher maximum
failure rate. The optimal moment can be difficult to determine. Below in FIGURE X is a result
of one calculation made by Liu et al (2017, p. 881-883), that aims to find the optimal inspection
and replacement timing:
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Figure 10 Degradation process with optimal replacement threshold (Liu etal. 2017, p .882)

While the figure 10 shows an optimal moment to replace, the calculation to achieve this is
complex and have several assumptions and limitations. It should also be noted that these
calculated replacement points can be long and difficult to understand, as well as hard to conduct.
If the maintenance department does not internally have some personnel to calculate such
optimal points, a consulting service might be needed, but that could also be so expensive that it
negates the savings done by more optimal decisions. In figure 11 below is another calculation
model from Liu et al (2017, p. 883).
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Figure 11 Degradation of an asset and maintenance actions (Liu et al. 2017, p .883)

Another way to find the optimal control limit and the average expected cost can be calculated
with fixed point iteration procedure. Periodic inspections of the system and its condition can be
checked and identified with each inspection. As degradation level can be difficult to measure,
failure rate could be more meaningful way to find the repair and replacement points.
Maintenance actions are then taken after the system’s condition is inspected. Over a long time
horizon the optimal replacements and repairs should be executed when failure rate is reaching
or exceeding the control limit. (Golmakani and Fattahipour 2011, p. 5156)

A single failure cost is not enough for sufficient information in order to make a reasonable
decision whether to repair or replace. If the pre-determined limit is higher than the cost of
consecutive repairs, the system will be continuously repaired regardless of frequent failures and
accumulating repair costs. Having history of data showing for example increasing frequency of
failures and time needed to repair can help the decision when to replace rather than repair. (Lai
2012, p. 3)
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When considering a replacement of a production machine, energy costs should be analyzed
closely. Production machinery is energy demanding and are responsible for majority of energy
costs within indurstrial production. Newer equipment and machinery are more energy efficient,
and choosing the replacing asset can lead to major savings, especially when combining it with
more functional modules, using energy efficient components and overall process optimization.
The overall demand for energy and therefore the energy costs can be reduced with right

decisions by more than 50%. (Heinemann et al. 2014, p. 143)

Modern maintenance management includes support systems to help with decision making.
These systems could help with identifying the problem, knowledge management, statistical
tools and the usage of the gathered information. This kind of support tool allows multiple
options, increases the awareness of the shortages in decision making process and help the
decision making situation to produce working and effective decision in complex situations.
(Borissova & Mustakerov 2013) The system could use maintenance decision making tools that
Ni & Jin (2012, p. 412-414) present in their paper. The tools help with solving the following

maintenance related problems:

- Finding and understandin bottlenecks in production, where failure in one machine leads
to stopping of the whole production line

- Prioritizing maintenance work so that they are scheduled in a way that keeps the
standstills in production as short as possible

- Combining different maintenance work to be done at the same time, to maximize the
benefit of the production standstill

- Finding opportunities when to carry out maintenance work in order to minimize the
impact on production

- Estimating the correct amount of maintenance personnel, as the labor work of
maintenance can be as high as 80%

- Switching from scheduled preventive maintenance to a more free form, as after
repairing an unexpected breakdown of an asset there should not be preventive

maintenance right after
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These support system could also be used to help the decision making problem that Mathew &
Kennedy (2003, p. 574) list. Asset replacement usually involves equipment that is new, more
advanced technologically, more efficient and productive than the current asset it will replace.
This should be taken into account when doing a replacement research. Support systems could
also take the financial factors to account, such as cost of capital, inflation, rates of taxation and

incentives in investments, that could be important factors in the appraisal.

While the classic way to see equipment replacement as it degrades allows to find the optimal
repeatedly handled replacement, when assuming that it can be replaced having identical
economics. This however is not always possible. One example of such case is a facility with
predetermined life span, that cannot be replaced with identical system, such as a nuclear reactor.
When the time horizon is not infinite, a numerical value can be identified at how many times

an asset can retain its economic. (Hartman and Tan, 2014, p. 137)

It should be also noted that replacing an asset before the end of its life cycle can be more
profitable. For example when new higher technology machinery is developed, it could be more
beneficial to use that as an advantage to gain more advanced equipment. Capacity increase can
also be an factor when deciding to pre-emptively move to a new system, when the demand is
rising. On the other hand using current equipment in order to wait for more technological
progress can also be more profitable, even if the planned economic life cycle is passed. This is
only possible when the asset is functioning at high enough level without too many breakdowns
or too high costs for maintaining it. In integrated multiple asset systems replacement decision
have to be analyzed, planned and executed simultaneously for each component.

(Hartman and Tan, 2014, p. 142)

2.4 Life cycle cost calculation and sensitivity analysis

Fixed assets such as buildings and plants often have life cycles over years or decades.
Discounted cash flow is a way to take the time value of money into the calculation, and helps
to decide between different investments as the today’s value of money is higher than it is in the
future. This is because during the years of investment more money could be earned (Neilimo

& Uusi-Rauva 2012, p. 83). There are multiple different ways to calculate the life cycle costs
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and profits. For this thesis the net present value is chosen to determine the investment costs
over the years. Internal rate of return is presented also, but is not used in the calculation part of

this thesis’ case study.
2.4.1 Calculation methods
Present value expresses the value of a future cash flow in today’s currency. This is also known

as discounted value (Hastings 2015, p. 95). The present value can be calculate with the

following formula:

PV =

(1+1)t )

where

PV = present value

C = cost or profit in the future year
r = interest rate

t = year

The present value is often used in investment calculations as they usually span over multiple
years. This way we can determine the value of the future cost or profit in today’s currency.
However it is only one cost, so by summing together multiple present values of the years of life
cycle we get net present value (Hastings 2015, p 96):

— VT _Ct
NPV = Y1 RESG )

where

NPV = net present value

Ct = all costs during the time t
r = interest rate

t = each period in years

T = life cycle in years
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Net present value combines the multiple profits or costs that span over the years of the
investment. This calculation also takes the timing into consideration in regards of the cash flow
be it profit or cost. The best option is where the net present value of the profits is highest or in

case of costs where the net present value of costs is the lowest.

The interest rate is the cost or return per year to get the sum for today’s value. The interest rate
is critical to the calculations as it is sensitive; a small change to interest rate may change the

estimate for expected costs or profits in a major way. (Uusi-Rauva et al. 2003, p. 168)

Another way to calculate profitability of investments is to use the Internal rate or return (IRR),

that can be compared to the interest rate of the company. IRR is calculated as follows:

— \T Ct
NPV = 2 (1+IRR)t )

NPV = net present value

Ct = all costs during the time t
IRR = internal rate of return

t = each period in years

T = life cycle in years

The IRR is then calculated and compared to the interest rate. This can be calculated along with

NPV to have a second point of view from which to assess the profitability of the investment.
2.4.2 Sensitivity analysis
Life cycle cost calculation includes many uncertainties and risks. While they seem similar in

the way that they present the unknown in the future, they must be differentiated; risk can have

a determined probability rate, while uncertainty cannot be placed on a probability distribution.
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It could be stated that risk is calculated uncertainty. The better the risks are calculated, the better

the decision making in the calculation can be trusted. (Neilimo & Uusi-Rauva 2005, s. 224)
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3 RECOVERY SYSTEM OF A PULP MILL

A pulp mill consists of fibre line and chemical recovery system. A modern recovery system
concept by Andritz (2019) is presented in figure 12, where the different parts of the recovery
system can be seen. The fibre line is the a multiple stage process to create pulp from different
wood species such as birch or pine. As the wood mass is being cooked, several different
chemicals are needed to dissolve the fibres of the wood material to create high quality pulp.
(Kivistd & Vakkilainen, 2014, p. 43-52; KnowPulp, 2018)

<> Natural gas
B white iquor
m Weak black liquor
m Strong black liquor

Green liquor =S Acl ) —

Figure 12 A Modern Recovery Concept (Andritz 2019)

The pulp mill process with the recovery system is represented more in detail in figure 13 below.
As seen in the figure, the pulp production is a combination of many different steps, and within
those steps are multiple sub-steps. This study will be focusing on the recovery system, which
has two different cycles, liquor and lime cycle. Bark boiler is part of the fibre line, but it is

connected to the power generation of the mill, so it is included in the case study.
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Figure 13. Fibre Line and the Recovery System of a Pulp Mill
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3.1 Structure of recovery system

The chemical recovery system of a pulp mill consists of two cycles, liquor cycle and lime cycle.
They have the following missions:
1. Recovering cooking chemicals and regenerating them for reuse
2. Incinerating dissolved organic material (dissolved wood) of black liquor in recovery
boiler to generate process steam and electrical power

3. Recovering organic by-products such as tall oil.

3.1.1 Evaporation

Evaporation’s main purpose is to remove water and so increase the solids content of the black
liquor. On the other hand it is possible to separate byproducts of the cooking at the same time,
namely methanol, turpentine and soap. Evaporation takes place in multi-phase evaporators,
where the dry solids percentage is increased to over 80%, with newer plants reaching higher
amounts. The amount of phases varies between five to seven depending on the amount of steam.
More phases reduce the usage of heat, but increase the investment costs. The first phase steam
heats the second phase that is operating with lower pressure and temperature and so on to the
next phase. (Kivistd & Vakkilainen, 2014, p. 64-65; KnowPulp, 2018)

Depending on size of the project, the evaporation line can cost tens of millions of euros. One
example as a replacement line was announced by Valmet in 2021. While the exact amount of
the supply was not presented, an estimate of 30 million euros was given to the public. (Valmet,
2021)

3.1.2 Recovery boiler

The recovery boiler’s purpose in chemical recovery is to recover cooking chemicals, produce
energy by burning the organic material in the black liquor and getting rid of the odorous gases
generated in the pulp process. The most important cooking chemical to recover are the sodium
compounds, that can be reused in the process again. The smelt is then dissolved with weak

white liquor to create green liquor, which is then pumped into recausticizing plant for further
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processing of the sodium compounds to reusage. Recovery boilers have been growing in
capacity over the past decades. For example the average capacity used to be 1700 tons of dry
solids per day just twenty years ago, while modern large scale boilers can reach over 5000 tons
per day (Kivistd & Vakkilainen, 2014, p. 65-66; KnowPulp 2018).

Cost of the recovery boiler depends on the scale. Two different investments range from 100 to
300 million euros. These investments also include other parts, so the overall investment cost of

an evaporator could be on the lower end of the spectrum. (Valmet 2019a; Metsé Group 2023)

3.1.3 Causticizing and lime kiln

Causticizing is part of the lime cycle of the chemical recovery. Lime is used as a helping
chemical to convert green liquor back to white liquor for reusage. The smelt from recovery
boiler consisting with sodium carbonate is processed to sodium hydroxide (green liquor) with
the help from lime kilns calcium oxide. Lime kiln usually uses natural gas or heavy oil as fuel,
but they are being replaced by biogas that is produced from waste wood and bar in the
gasification plant (Kivistd & Vakkilainen, 2014, 2014, s. 67-69).

Typical cost for causticizing and lime kiln invements are around 50 million euros. These

investments naturally depend on the size and used technology. (Valmet 2019b)

3.1.4 Power plant

Forest industry in Finland has long tradition of the combined production of heat and electricity.
Steam is the primary product of the energy production, as the pulp mill has to produce the
necessary steam needed by the pulp production. Electricity can be produced inexpensively with

waste fuel and temperature drop in the process. (KnowPulp 2023)

The fuel used comes from byproducts of the mill, such as bark and other wood material, silt,
paper and board waste and the black liquor produced in pulp production in chemical recovery.
Purchased fuel is also often used, such as peat, woodchip and fossil fuels such as coal, oil and

natural gas. The usage of the different fuels is presented in figure 14 (KnowPulp 2023).
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Figure 14 Fuels Used in Energy Production (KnowPulp)

Bark boiler is a part of the power generation system of the whole mill area. As seen in the fuel
usage graph, wood products such as bark is a major part of the overall heat and power generation
on the mill. The collective power plant area is not a separate system on the mill, but rather a
part of the whole complex. It includes for example pipelines that connect different parts of the
mill. It is taken into account when examined the case study of this thesis and so it will be part

of the calculation.
3.2 Special characteristics of research subject

Case company’s mill consists of two fibre lines (KL2 and KL3), and a recovery system with
two lines, which includes two evaporators (HO5 and HOG6), two recovery boilers (SK5 and
SK6) and two lime kilns (MU3 and MU4), and one causticizing plant (KS3). These are
connected to a power plant that produces energy for the mills. These are built over multiple

decades as the mills have expanded.

The recovery system lines of the mills are decades old and have been undergoing improvements
and expansions over the years. The current capacity of the system is getting too small for the

increase in production of the fibre lines. The future capacity needed is not going down but up,
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as the demand for pulp is increasing steadily, and capacity investments for the fibre lines may
be coming up in near and distant future. While the added capacity is needed, the current system
does not allow for much increase due to the old constructions and pipe lines et cetera. The
construction area can also be difficult to operate for extensions to old system as the
surroundings are not allowing large buildings. This should be taken as one criteria in the final

investment appraisal, but is not part of the calculation of this tool.
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4 INVESTMENT APPRAISAL AT CASE MILL

4.1 Overview of the two alternative investments

The first option is to invest in brand new chemical recovery system. As the old two-line system
has reached and exceeded its planned life cycle, it would be practical to replace it with a new
one. Investing in a new facility is obviously requires a large amount of capital, and therefore
planning plays especially important part. The first option is divided into three sub-options, that
have different starting year for the investment. The amount of investment for these sub-options

is identical, only the starting year differs.

The second option is the capacity increase by investing into the current two-line system and
thus prolonging its life-cycle. The investments for this option are done during the following
decade, so the capital needed per year is smaller than a full replacement investment. While the
investments are being done for the old system, the maintenance costs are not likely to reduce.
The basis of this study is that the maintenance costs stay at similar level to those of past several

years.

The timing for the investment also is important to be addressed. While the demand for pulp has
been currently on the rise, many others have been increasing their capacities as well, increasing
the competition in markets. One such example was 2008 finished UPM Kymi Pulp Mill, that
had a similar investment of their recovery system, that was replacing a two line system with a
new one (UPM 2008). Below is a graph in figure 15 of pulp production in Finland, that show
the current trend as well as some dips based on various different issues, such as strikes,
pandemics and wars. Therefore three different beginning points for new system investments are

added, to see how the maintenance costs of the old system affect the overall needed capital.
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Figure 15 Pulp Production in Finland 2001-2022 (Luonnonvarakeskus 2023)
4.2 Building the life cycle cost model for the case

While there may be some life cycle models for overall cost calculation, there are no standard
models that can include every aspect of calculation in different investment projects. It is
therefore important to modify the model to suit the studied case or build a new one just for the
case. As the case study of this research is in the very early stages and all costs are not yet defined
even to a rough state, it is necessary to build a cost model from scratch.

As in Bengtsson and Kurdve’s case study (2016, p. 106), project and acquisition cost can be

obtained from previous similar projects. In the case study this is used by examining a similar
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investment project. Bengtsson and Kurdve also have similar way of acquiring operational and
maintenance costs from internal databases. These costs cannot be expected to be given by
suppliers as they are dependant of the user’s production system, be it cost of labor or cost of
downtime. Supplier should be able to give cost estimate for the purchase or reconditioning, as
well as spare parts and possibly energy. (Bengtsson and Kurdve 2016, p. 106)

The model presented here is built to calculate the differences in maintenance point of view and
allow further analysis of the investments by adding different cost estimates, such as energy and
other fixed and variable costs. The model will use the Net Present Value (NPV) of the different
costs and with the set timeline of 12 years. The timeline is based on the investment plan of the
case company, and the tool will be tailored for that. The cost and investment plan estimates
presented on this thesis are significantly modified from the real values used in case company’s

data. VValues are in million euros.

Below in figure 16 is presented the frontpage of the calculation tool. It has the overall appraisal
of the study, introduction of the different investments (Options 1-4) and instructions for use and
the interest rate used. The interest rate can be changed on this page. The charts show the
distribution of the different cost types as a pie chart to quickly compare the different investment

options based on where the capital is needed.
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LIFE-CYCLE COST CALCULATION TOOL FOR PULP MILL'S RECOVERY SYSTEM INVESTMENT 2023 - 2035

INVESTMENT OPTIONS IN THIS MODEL CS = Current system
Option 1: Investment in new system in 2024 NS = New system
Option 2: Investment in new system in 2027
Option 3: Investment in new system in 2030
Option 4: No investment in new system

Interest rate 9% |Insertthe used interest rate in yellow box

Life-cycle cost net present value for four different scenarios

Option 1 Option 2 Option 3 Option 4

Investment costs 306,26 € 306,26 € 306,26 € 170,60€

i costs 21,61€ 54,51€ 78,09€ 119,02€

Operational costs 13,11 € 14,40€ 15,40 € 16,17 €

Total 340,98 € 375,18€ 399,76 € 305,79€
Option 1 Option 2

6% 4%

\‘ = Investment costs

= Maintenance costs

= Operational costs

90 %

4%

&

82%

= Investment costs

= Maintenance

costs

= Operational costs

Instructions

This is the frontpage of this calculation
tool, which includeds basic information
and results. The only cell to insert values
is the yellow box, which alters the
interest rate.

Results & sensitivity analysis includes a
more detailed table of net present
values of different costs and a
sensitivity analysis tool. The sensitivity
analysis tool inclueds three yellow box
cells to insert desired percentages to
inspect the impact of change in
investment, maintenance and/or
operational costs.

The rest of the sheets inculde all the
costs used in this tool. These costs can
be changed freely as they are estimates
that can change later.

More costs and investment options can
be added later; this requires rework of

Option 3

19%
= Investment costs

= Maintenance costs

= Operational costs

Option 4

= Investment costs

= Maintenance

costs

= Operational costs

Figure 16 Frontpage of the tool

certain areas of this toal,

The tool has multiple different input sheets that include the different cost types. These input

values are yearly costs for every aspect of the system. This as it allows the user to have more

control over the appraisal. For example preventive maintenance costs can be changed easily

depending on the maintenance planning; a large scale repair might be not planned at the

moment, but there could be a hidden failure emerging that would need more urgent maintenance

or repair, that should be added to following year’s maintenance plan. There are seven different

input sheets on the model that are presented in Table 1.
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Table 1 Input sheets for the calculation tool

Input sheet

Description

CS-Investment

Capacity investment in the current system. Each system

on its own row

CS-Maintenance work

Maintenance work for the current system. These include
all the maintenance work outside of planned preventive

costs.

CS-Maintenance (PM20,60,61)

Preventive maintenance work and repair investments for
the current system. Different preventive maintenance

works are listed in the next paragraph.

Process washing and cleaning

Planned upkeeping process washing and cleaning that
undergo regularly and with preventive maintenance

process standstills.

NS-Investment

Investments for the new system.

NS-Maintenance

Maintenance work and preventive maintenance

estimated for the new system.

Operational Costs

Operational costs for both current and new system.
These can be added later; only labor costs are listed as
of this preliminary study. New and old systems are

separated.
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Maintenance of the current system includes several different maintenance works, that have been
categorized and accumulating in the past. These can be divided into three main groups and are
divided in the calculation model:

1. Maintenance work that is done when a fault is found

2. Preventive maintenance work that is done with beforehand planning and scheduling

3. Process washing and cleaning that are connected to preventive maintenance.

Preventive maintenance works are divided into three different types, depending on the scale of
the work. Below is listed the different preventive costs:
1. Service work (PM20) that is small scale, no major material or labor needed
2. Maintenance investment (PM60) that requires an investment in material or part of the
asset as well as labor
3. Large repair work (PM61) requires major investments in materials and labor and takes

more time.

The second page of the calculation tool shows a more detailed view of the investment
appraisals. This can be seen in figure 17. The detailed view gives a direct view how the different
costs accumulate between the different investment options. This page also has the sensitivity
analysis tool as well as pie charts to show the results when changing percentages of the different
cost values. The sensitivity analysis tool can also be used to calculate different scenarios based

wanted values. An example of this is shown later when analyzing the different options.
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CS = Current system
N5 = New system

Option 1 Option 2 Option 3 Option 4
Investment costs C5 0,00 0,00 0,00 170,60
Investment costs NS 306,26 306,26 306,26 0,00
Maintenance work CS 5,78 25,41 36,63 50,18
Maintenance work NS 2,67 1,63 0,00 0,00
Maintenance PM20 1,70 4,92 7,86 14,67
Maintenance PM60 3,55 10,93 16,97 26,92
Maintenance PM61 0,85 3,18 711 16,79
Process washing 7,05 8,45 9,53 10,46
Operational costs 13,11 14,40 15,40 16,17
Total NPV 340,98 375,18 399,76 305,79
Sensitivity analysis
Option 1 Option 2 Option 3 Option 4
Investment costs 0% 0% 0% 0 %l Insert the percentage of
Maintenance costs 0 % 0 % 0 %)| 0 %) choice into yellow boxes
Operational costs 0 %| 0 %| 0 %) 0 %) depending which
value/values you wish to
Option 1 Option 2 Option 3 Option 4 inspect
Investment costs 306,26 306,26 306,26 170,60
Maintenance costs 21,61 54,51 78,09 119,02
Operational costs 13,11 14,40 15,40 16,17
Total 340,98 375,18 399,76 305,79
Option 1 Option 2 Option 3 Option 4
5% 4% 1% 4% 5%
= Investment = Investment = Investment
Costs COsts costs
Maintenance Maintenance 6% Maintenance
costs COsts Costs
Operational Operational Operational
costs costs costs
90% 82%

Figure 17 Calculation and Detailed NPV costs

The model includes a sensitivity analysis where the user can test the results adding or reducing

the costs of the investments needed or the maintenance costs. The sensitivity analysis can also

be used to test operational costs, but this study does not take them into an account; future

planning should take advantage of that as well.

One example is the UPM Kymi mill that was rebult in Kuusankosi pulp mill that had the final

investment value that exceeded 340 million euros (UPM, 2008). This level of costs been chosen

as the base estimate for the overall investment cost for the case study. This is obviously a

preliminary rough estimate that should be taken as baseline.
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4.3 Investment of current system

Investment of the current system includes capacity increase of all the parts of the recovery
system. These investments are done during over ten years, so that the production can be running
with minimal impact. These investments are smaller scale, so planning for these is easier in
case something unexpected happens; delayed investment is also an option. Outside of the
different recovery system parts, a collective pipeline renewal and other power plant related

investments are being done.

Maintenance costs are set to be around same for the future. This may not be a realistic situation,
as the ever aging machinery might need more and more maintaining. Increasing maintenance

costs can be added in the sensitivity analysis if needed, and then test the impact on it.

4.4  Investment of new system

Investment in the new system changes the two-line system into a modern one-line system,
similar change as the UPM Kymi. The basis on the investment cost is also with that
replacement, and such the investment cost is set to be similar. This is a rough estimate but gives
a solid building ground for the investment calculation. The investment cost is set to 350 million
euros to the comparable UPM Kymi that had the overall cost of 340 million euros (UPM, 2008).
For this study investment in the new system is done within three years, as it has to replace the

old system fully.

In this model preventive maintenance costs are set to continue even though in reality they could
be postponed or cancelled as the new system has been chosen. This has an impact especially
for the new system investments that begin later. These costs can be changed in the calculation
data, but for this case these are included. They can also be taken into account with the sensitivity

analysis and see the impact they have overall.
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4.5 Comparison of the options

Below in the figure 18 is a compilation of the different costs. As seen here, the net present value
of the investments are basically showing that the maintenance costs are ramping up quickly if
choosing to invest in the current system (Option 4). They are almost 100 million euros higher
than with the first new system implementation option (Option 1). Meanwhile the investment

costs on the current system are around 50% of the new system.

Life-cycle cost net present value for four different scenarios

Option 1 Option 2 Option 3 Option 4

Investment costs 306,26 € 306,26 € 306,26 € 155,00 €
Maintenance costs 21,61€ 54,51 € 78,09 € 119,02 €
Operational costs 13,11 € 14,40 € 1540 € 16,17 €
Total 340,98 € 375,18 € 399,76 € 200,19 €

Figure 18 Overall NPV of costs

Below in figure 19 is a more detailed look at how the costs are accumulating across the different
options. As seen here, postponing the decision to invest in a brand new system causes the
maintenance costs to increase rapidly across the board. While maintenance work can be delayed
for a while, the preventive maintenance has to be done until the new system is implemented,

and the delays cannot span over multiple years in order to the process to be reliable.

Detailed net present values of each different cost (M€}

Option 1 Option 2 Option 3 Option 4

Investment costs C5 0,00 0,00 0,00 155,35
Investment costs NS 309,39 309,359 309,39 0,00
Maintenance work C5 20,94 36,63 45,45 50,18
Maintenance work N5 2,67 1,63 0,00 0,00
Maintenance PM20 5,99 8,76 10,75 14,67
Maintenance PM60 13,35 16,97 20,51 26,92
Maintenance PM61 3,48 711 10,04 16,79
Process washing 7,05 3,45 9,53 10,46
Operational costs 13,11 14,40 15,40 16,17
Total NPV 375,99 403,34 421,07 200,54

Figure 19 Detailed NPV Costs
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The tool has a sensitivity analysis with values differing between -20% and +20%. These values

can also be changed if needed. The sensitivity analysis is below in table 2.

Table 2 Sensitivity analysis, million euros

Sensitivity analysis

Option 1 Investment Maintenance Operational Sum

20 % 245,01 17,28 10,49 272,79

-10 % 275,64 159,45 11,80 306,88

0 306,26 21,61 13,11 340,98

10 % 336,89 23,77 14,43 375,08

20 % 367,52 25,93 15,74 409,18
Option 2 Investment Maintenance Operational Sum

-20 % 245,01 43,61 11,52 300,14

10 % 275,64 49,06 12,96 337,66

1] 306,20 54,51 14,40 375,18

10 % 336,89 59,96 15,85 412,70

20 % 367,52 65,41 17,29 450,22
Option 3 Investment Maintenance Operational Sum

20 % 245,01 62,47 12,32 319,81

-10 % 275,64 70,28 13,86 359,78

0 306,26 78,09 15,40 399,76

10 % 336,89 85,90 16,94 439,73

20 % 367,52 93,71 18,48 479,71
Option 4 Investment Maintenance Operational Sum

-20 % 136,48 95,22 12,94 244,64

-10 % 153,54 107,12 14,55 275,21

1] 170,60 119,02 16,17 305,79

10% 187,66 130,92 17,79 336,37

20 % 204,72 142,82 13,41 366,95

As seen in the sensitivity analysis, for options 1-3 the investment costs make a big difference
depending on the percentage. The new system is naturally more investment heavy and thus the
results. Option 4 is more balanced between investment and maintenance costs, and both have a

significant impact on the overall life cycle costs.
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Using the sensitivity analysis tool for scenario analysis we can see different results that could
be more realistic. For example the maintenance costs for the old system may be too low, as the
investments into the systems come during a decade. The degrading assets may therefore need
more maintenance work as well as more preventive maintenance, that can be depending on the
scale a large amount of money. With setting different values the user can test almost unlimited
amount of different scenarios and also have different values for different scenarios. This allows

a more flexible analysis compared to just sensitivity analysis.

An example scenario below includes the following assumptions:
- If implementing to a new system, the maintenance costs could be lower; in this case
they have been set to 10% lower
- The current maintenance costs may be too low moving forward; a 10% increase is set

in this case

After setting these parameters, the overall life cycle costs come closer as seen below in the

figure 20.

Sensitivity analysis

Option 1 Option 2 Option 3 Option 4
Investment costs 0% 0% 0 %) 0 %)
Maintenance costs -10 % -10 % -10 % 10 %
Operational costs 0% 0% 0% 0%
Option 1 Option 2 Option 3 Option 4

Investment costs 306,26 306,26 306,26 170,60
Maintenance costs 15,45 49,06 70,28 130,92
Operational costs 13,11 14,40 15,40 16,17

Total 338,82 369,73 391,95 317,70

Figure 20 Example Scenario

As seen above, the life cycle costs difference for option 1 and option 4 are under 20 million
euros and under 10% of the overall costs. When the options are getting closer, the new system

investment seems to be more desirable. The investments should be tested with multiple different
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values to see how the changes in values impact the overall costs. Example scenarios should

contain at least the following:

- Investment costs being different between options 1, 2 and 3 depending on the market;
delaying investment may come with better or worse offers from suppliers

- Maintenance costs in options 1, 2 and 3 could be a lot lower if planned preventive
maintenance work or large scale repair work could be avoided

- Maintenance costs in options 1, 2 and 3 could be higher due to imminent planned and
unplanned maintenance work

- Investment costs in options 1, 2 and 3 increase drastically after the initial investment
has begun

- Maintenance costs for option 4 are higher with delayed investments

While the option to invest in new recovery system seems to cost more overall, there are multiple
advantages that do not show in the calculations. These benefits include for example the

following aspects:

- More capacity even if the old system is updated

- Reduced time lost caused by failures and large scale repair work even if they are planned
preventive measures

- More self sustainable energy production (both process heat and electricity) with the new
system

- A possibility for expansions, for example a secondary line for even more capacity
increase

- Possibility to change gas boilers to biomass boilers

- More sustainability, reduced emissions in CO2, odours and other emissions

Investment in the old system can also be a more beneficial way, even when not looking only at
the costs. The facility is well-known within the personnel both in the production as well as the
maintenance. While he know-how of the current system cannot be measured in euros, it is
definitely one of the most important things in maintenance. It reduces the time needed in

planning and executing preventive maintenance, since they have been done in the past and
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should be for the most part be repeatable actions. Knowing the facility well also reduces the
time needed to find the fault of a possible failure, and such reduces the downtime. A two line
system is also more forgiving in terms of failure, as the system can also be partly used even if
there is a process stopping failure in a part of the system. Other benefits of the current system
include lower overall costs, possibility to choose the priority of the investments on different

parts of the system and possibility to postpone or advance different parts investments

Operational costs in this case study do not play a significant role, as they are not calculated yet.
As presented in chapter 3, a major upside for the new system is energy efficiency with the mill.
These should be calculated more closely during the supplier analysis for all the different boilers.
Heat and electricity production could bring significant savings for the whole pulp mill as the
electricity costs have been rising. Based on the Tilastokeskus (2023) data the electricity cost
for large scale companies has increased in the last year to double or triple to the amount it has
been past decades. A more self-sufficient mill can endure these energy cost fluctuations and
stabilize the operational costs. Heinemann et al (2014, p. 143) states that studies have shown

that optimization can decrease energy consumption by up to 50%.
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5 SUMMARY AND DISCUSSION

5.1 Results of different alternatives

Option 1 is the most favorable of the investments that would use the new system. It cuts the
maintenance cost generation of the old system as soon as possible. The maintenance costs are
100 million euros lower than if the current system is chosen. The investment costs are the same
between the options 1, 2 and 3. This first option can also lower the operational costs as less
personnel is needed and the system becomes more energy-efficient. Overall maintenance costs
of the first option are only 6% of the overall costs. These could be even lower if different
scenarios are used. The cost distribution of different cost types of can be seen in the figure 21
below.

Option 1

5 4 %
= [nvestment
Costs
= Maintenance
costs

= Operational
Costs

90 %

Figure 21 Cost distribution of option 1

Option 2 and 3 that delay the investment of the new system have higher overall costs, as the
maintenance costs of the old system accumulate every year the decision is delayed. While these
options seem to be overall more costly, they can be optimal if for example the global markets
make a large shift to better or worse. There can also be an option to choose between these two

options, and this can be calculated by changing the beginning year of the investment. The option



54

to delay investments can be a benefit. Below in figure 22 and figure 23 is the cost distribution
of options 2 and 3. The amount of maintenance costs have a major increase if compared to
option 1. These costs can also be tested by changing the maintenance costs required to keep the

old system running until the new system is implemented.

Option 2

4%

14 % ‘

= [nvestment
costs

= Maintenance
costs

= Operational

Costs
B2 %

Figure 22 Cost distribution of option 2

Option 3

4%

19 % ‘

m [nvestment
costs

= Maintenance
costs

= Operational
costs

Figure 23 Cost distribution of option 3
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Option 4 that continues the use of the current system is the most favorable based on investment
and maintenance costs. This option is also the most flexible with the option to choose the
capacity investment timeline, as they are already built and can be worked on individually in
contrast to the new system, that has to be done at once. Another benefit is the familiarity of the
system for both production and maintenance personnel. Know-how of the systems is invaluable,
as it shortens the time to find and repair the faults, as well as helps to plan the preventive

maintenance routines and repairs based on past years.

As seen in the figure 24 below, the maintenance costs are a major part of the overall costs.
Depending how the old system functions, these costs could grow to a even larger part. The basis
of the case study was stable costs, but the old system could also be having more and more

unexpected failures due to maintenance debt.

Option 4

m Imvestment
Costs

= Maintenance
Costs

= Dperational
Costs

Figure 24 Cost distribution of option 4

5.2 Summary of the appraisal

Investment in the old system can also seems to be the more favorable option is the decision is
only based on costs. However, the gap between the options is not that large considering the new
system could be used for the many upcoming decades. The current system is slowly moving to

a life-support mode, as the facility ages. The cost analysis based on this tool should not be taken
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as the only decision factor, but rather a guide on how the costs accumulate during the years. As

stated in the previous chapter, the different options all have their benefits and negative things.

Looking at the overall costs, the options 1 and 4 are the most favorable; either invest into a new
system as soon as possible, or continue using the old system and invest in it. This either
minimizes the maintenance costs or the overall combined maintenance and investment costs.
The difference between options 1 and 4 is not that big, so the investment in the new system may

be the best option, as it gives futureproof system with possibility for expanse.

Overall maintenance costs should be taken into consideration when planning for the investment.
As seen for the option 4 that invests into the current system, roughly 40% of the overall costs
come directly from maintenance. One decision factor for the investment could be a threshold
for maintenance costs; if the overall maintenance costs exceed for example 50% of the total
costs of the investment, then the option should be cut out of the discussion. The threshold could
also be 40% depending the point of view, which in this case would cut the option 4 out. There
are different models for calculation the replacement point where the costs have reached critical
point. An example is presented by Mauer & Ott (1995, p. 589-590) as shown in figure 25.
Another maintenance related factor is the downtime caused by failure.
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Figure 25 Replacement barrier for assets

The new system may also come with the option to expanse. As Culik (2010, s. 328.) states, the
benefit of the investment may be greater than planned. The expansion option can be used when
the investment is already underway, but there is the opportunity to include additional
investments by example building more production capacity. Profitability of such expansion
investment is positive if the added revenue is greater than the cost of the investments. In this
case study this could be an important factor that enables future expansion for the pulp mill as a

whole. The old system does not have this option available, as it is bound by its foundation.

The future needs for pulp are unknown, but based on the past data we can see that it has
increased over the years. This should be taken into account when considering the capacity of
the recovery system, as it has a great impact on the pulp production as well. If the pulp mill is
going to have capacity increase, the recovery plant may be the limiting factor, which could be
avoided by investing in the new system. On the other hand, if the capacity of the current mill is
sufficient, the available additional capacity of the new recovery system could be for no use. The

recovery system investment should be part of the overall mill future plan.
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The operational costs that should be added later during the investment planning may shift the
best option from current system to the new one. As stated before, the electricity market can
fluctuate in the future, and the increased energy production by the boilers could diminish the
impact of said market changes. Chemical usage is also a factor for the future appraisal, as the

one line system consumes less.
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6 CONCLUSIONS

The case study was to give analysis for the life cycle costs for two different investment options
and give insight how the maintenance costs affect the overall costs. The result of this thesis is
a calculation tool for preliminary investment calculation, that can be expanded later as more
information is gathered. Academic research of the asset and maintenance management as well
as investment calculation was the basis of the calculation tool, and net present value was chosen

to address the time value of money over the years.

The first research question for this was:

1. When is it better to invest in repairing or replacing the current asset based on

maintenance?

The academic study gives different models on how to tackle this question. Depending on the
asset, the optimal point can vary by a large margin. Especially critical assets for example for
production have to be replaced as soon as the failure rate increases to an unacceptable level.
Meanwhile non-critical assets can be maintained for a longer time, even beyond the planned
life cycle before they have to be replaced, when the maintenance costs stay at reasonable levels
and the replacement investment needed is high.

For the case study the calculation tool gives data to help the decision making. Based on solely
on the costs, the option to invest to the current system seems to be more favorable. When taking
other factors in addition, the decision to invest between different options becomes more
complex. While the calculation tool gives more information, it should be one of the many

factors used with the investment decision.

The second research question was:

2. How are the maintenance costs affecting the life cycle of an asset?
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In the literature review it was stated that over the life cycle the maintenance costs can exceed
over 50% depending on the asset. For large scale investments 90-95% of operational costs are
determined within the development costs, and after constructions the maintainability can only
be improved slightly. Keeping that in mind the maintenance costs should be taken into
consideration as early as possible.

As seen in the case study, the maintenance costs consist of many different cost types. The main
two groups are maintenance costs after failure or break and then repairing it, and preventive
maintenance costs that are planned before the failure happens. The preventive maintenance
costs can also be divided on different groups based on the scale of the maintenance. The range
can be from a small scale change of a degrading part to a large scale repair work that can take

days or weeks to conduct and need to be planned beforehand.

The third research question was:

3. When is it optimal to replace an asset based on maintenance costs?

Optimal replacement timing is crucial yet important to factor. The academic study shows that
many different models have been built to tackle this question, and the optimal timing can be
calculated with different ways. For the most part a case by case calculation is needed, as the

assets can be different.

For the case study the optimal time to replace is dependent of many different factors. While
looking only at the maintenance costs, the earlier option is often better as the costs have less
time to accumulate. The case study shows that delaying the investment can multiply the
maintenance costs by 2 or 3 depending on the timing. With this large investment this means
tens of millions of euros. While the decision to invest in a new system depends on multiple
different factors, these accumulating maintenance costs to a system that is being replaced should

be considered carefully.
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7 FURTHER RESEARCH AND DEVELOPMENT

As this is a preliminary research for the investment, the decision making will need more
information about the different cost factors. The closer the actual investment decision is the
more in detail these should be gathered and analysed. Example cost factors are presented in
chapter 2 of this thesis, and depending on the target investment more costs can be introduced
and irrelevant costs dropped out. When choosing different offers from suppliers, each offer
could be used in different calculation tool, and therefore have multiple different appraisals at
the same time. The tool created in this model allows quick and easy method to test the supplier

offers.

As the proposed model only includes mainly maintenance and investment costs at this point,
other things such as impact on operational costs on a more detailed way, such as energy and
chemical costs. As the investment project truly begins, these costs should be covered more in
detail. The energy self-sustainability should also be closely researched as the energy market
can fluctuate during the upcoming years. Further research should also include environmental

study for new standards and norms which may impact the design of possible new system.

Another major cost driver outside of the afore mentioned operational cost is the downtime
caused by maintenance and the construction for the capacity increase be it the current system
or the new one. Building a large scale system will take from a year to a couple of years. In the
case that a new system is chosen, the old system should be at least somewhat usable for the

production to run.

The calculation tool created with this thesis is able to have more cost factors as it is with basic
Excel skills. Just adding rows will be enough for basic additions. If a more thorough research
is done by using the model created for this thesis, the user should have decent understanding of
Excel formulas and functionality. In the future the investment plan for the whole pulp mill can
be covering more years, and these should be added to the proposed calculation tool of this

thesis.
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Further analysis should also take the overall life cycle of both options into account. While
investing in the current system increases its life cycle, it should be tested with different
operational times. For example a new system could allow production for more than 50 years
while even a modernized current system may not have more than two decades, until more

investment or replacing is needed.
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