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tannuslaskennan ja —analyysin tuottamaa lisdarvoa omaisuudenhallintaa koskeviin paatok-
sentekoprosesseihin.

Elinkaarikustannusmallin rakentamiseksi biometanolilaitoksen operatiivinen konteksti sovi-
tettiin ISO 55000 -standardin mukaiseen viitekehykseen, jonka pohjalta méiiritettiin elinkaa-
rikustannuslaskennassa huomioitu fyysinen omaisuusrekisteri. Tydssd rakennettiin viisi eri-
laista elinkaarikustannuslaskentamallia monipuolisen vertailun mahdollistamiseksi. Elin-
kaarikustannuslaskentamalleissa huomioitiin omaisuudelle rajatut ennakkohuoltokunnossa-
pito- ja uusimiskustannukset malleihin siséllytetylle omaisuusrekisterille. Arvioidut kustan-
nukset pohjautuivat saatavilla olevaan dataan sekd akateemiseen kirjallisuuteen.

Johtopédétoksend ty0ssé esitetdédn elinkaarikustannusmallien edistdvéin omaisuudenhallinnal-
lista padtoksentekoa tuottamalla tarkempaa tietoa yksittdisen omaisuuseran kustannusprofii-
lista historiatietojen, kriittisyyden seké suorituskyvyn valossa. Ty0ssd ehdotetaan Veolian
omaisuudenhallinnan tukitydkalun soveltuvan Veolia Services Suomi Oy:n kdyttoon, seka
esitetddin huomioita tukityokalun kayttdonottoon, kehittimiseen ja tulosten analysointiin.



ABSTRACT

Lappeenranta—Lahti University of Technology LUT
School of Energy Systems

Energy Technology

Laitinen Markus

Development and assessment of a life cycle cost model for asset management

Case study: Bio-methanol purification plant

Master’s thesis
2025
85 pages, 18 figures, and 7 tables

Examiners: Professor Esa Vakkilainen and Dosent Juha Kaikko

Keywords: Asset Management, Bio-Methanol, Life Cycle Cost Assessment, Life Cycle Cost
Modeling, Condition, Cost, Criticality, Decision Making, Maintenance, Performance, Risk

This thesis was commissioned by Veolia Services Suomi Oy, with the objective of develop-
ing a life cycle cost model. The life cycle cost model is utilized to project expenditures that
accumulate during the service period of a case mill bio-methanol purification plant. The life
cycle cost model and analysis were developed with Veolia’s internal asset life cycle cost
management support tool, whose applicability was evaluated in this thesis. Additionally, the
added value of including life cycle cost modeling into asset management processes was re-
viewed.

To develop the life cycle cost model, the operative context of the case mill bio-methanol
purification plant was adapted into an ISO 55002 standard framework for asset management.
Thereafter, the physical asset register included in the life cycle cost model was determined.
In total, five different life cycle cost models were developed to enable versatile comparisons
between the models. The life cycle cost models included selected preventive maintenance
and renewal costs that were based on available data and academic literature for the desig-
nated assets included in the life cycle cost models.

As a result, this thesis demonstrates the value of cost data through the development of the
life cycle cost models and assessment. These models enhance asset management decision
making by providing comprehensive knowledge regarding asset costs, risks, and perfor-
mance. This thesis confirms that the internal asset life cycle cost management support tool
is suitable to implement at Veolia Services Suomi Oy. Finally, the thesis identifies specific
areas for improvement in both the support tool implementation and asset assessment.
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1 Introduction

As competition between companies increases, short-term profits are sought by compromis-
ing operational costs. Such cost-cutting constraints intensify justification for asset mainte-
nance and investments, which are currently performed at minimum costs, despite their crit-
icality in striving to achieve the required level of service and asset performance. (Kumar et
al. 2013; Sinkkonen 2015, 17). Consequently, Sinkkonen (2015), Schuman and Brent (2005)
have identified a demand for long-term life cycle management, which justifies transparent
asset decision making transparently through empirical data. This demand aligns with asset
management principles, as asset management is a discipline that optimizes asset life cycle
management by providing technical and financial judgment to balance asset costs, risks, and
performance (Corcoran and Lloyd 2019, 1; Hastings 2021, 10-11). At its core, asset man-
agement may appear conceptually straightforward, even though its systematic implementa-
tion through life cycle cost (LCC) modeling and assessment provides valuable support for
asset decision-making processes, potentially creating significant strategic advantages for an

organization.

Building on these asset management principles, the key research objective of this thesis is to
develop an LCC model for a case mill bio-methanol purification plant to project estimated
costs of asset ownership, aiming to provide a holistic view of long-term costs occurring pre-
eminently from assets and their associated activities. This aligns with essential asset man-
agement practices, which require identification of all relevant costs throughout the asset’s
service life (Hastings 2021, 170). In total, five different life cycle cost models were devel-
oped with Veolia’s internal asset LCC management support tool to enable versatile compar-
isons, identify model scope, and justify the most suitable LCC model for the purification
plant. These models facilitated the evaluation of the added value of different modeling
scopes and determined the most effective approach for the application. The results from the
LCC models were then analyzed to identify, for instance, cumulative and annual costs, re-
quired labor, rate of change in costs, and economic risk exposure of the assets. Additionally,
the thesis evaluated the support tool’s suitability for Veolia Services Suomi Oy (VSS) in
three aspects: its ability to enhance asset management decision making through improved

cost-to-asset knowledge, its potential contribution to ISO 55000 standard series certification,
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and its effectiveness in implementing systematic LCC modeling and analysis to the organi-

zation.

The research methodology of the thesis followed ISO 55002 standardized asset management
framework, which was adapted for the case mill bio-methanol purification plant. Within the
framework, asset management context and plans were determined considering stakeholder
interests and requirements to develop the LCC models. Based on the context, primary high-
cost assets were identified and included in the physical asset register for the LCC modeling,
focusing on assets that would accumulate noteworthy costs throughout the case plant’s ser-
vice life. Furthermore, the selected physical assets were reviewed for their costs, risks, and
performance. The costs considered in the thesis consisted of renewal and preventive mainte-
nance costs that were estimated based on Veolia’s internal database, academic literature, or
by preventive maintenance schedule. Following the development of LCC models, the results
of the models were reviewed to identify variations between them, including cost peaks, rates
of change, and the effects of varying the models’ scope on cumulative or annual costs. Fur-
thermore, deficiencies and challenges in the applied methodology were discussed to evaluate
the reliability of the results, benefits of LCC modeling and analysis, and to identify areas for
improvement in VSS’s LCC management implementation. Moreover, the internal support
tool’s suitability for VSS to enhance asset management was evaluated based on these find-

ings.

While academic literature presents various LCC models, none were found entirely suitable
for the case study’s application due to excessive resource requirements, need for precise
data, or questionable added value. Hence, the scientific novelty of this research is to provide
a simplified and standardized methodology for process industries to enhance asset manage-
ment by identifying the value of LCC modeling and assessment. The significance of the
thesis lies in developing methodologies to realize maximum value of asset ownership by
optimizing asset costs, risks, and performance. As follows, VSS has identified the benefits
of asset life cycle management by cost modeling and analysis; however, it lacks systematic
methodologies to implement the processes. With advanced asset life cycle management,
VSS could win more contracts and substantiate asset management decision making by
providing systematic approach to asset-specific decisions aligned with organizational strat-

egy and business objectives (Hastings 2021, 17-18).
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2 Asset Management

Asset management was first standardized in 2008 with PAS 55 (Anon 2007). In 2014, the
standard was revised to become ISO 55000 standard series (Hastings 2021, 5). Referring to
an ISO 55000 standard, an asset, either physical or non-physical, is something that has value
to an organization. The measured value can be either real or potential. Asset management,
on the other hand, realizes the asset's value. (SFS-ISO 55000 2024). Richard Edwards (2019,
11) argues that asset management is not just the management of assets. In his words, asset
management answers the question why we do have said asset and what value does it possess

to the stakeholders.

Due to globalization and increase in competition, companies have focused on their core busi-
ness activities and outsourced supportive businesses. This has been especially noticeable in
industry, where a lot of maintenance of fixed assets has been outsourced. As a result, collab-
orations and long-term supply chains have developed between organizations, creating new
partnerships. This development trend has created a need for asset management. Asset man-
agement maintains inter-organizational networks and supports companies’ decision making.
Furthermore, it is recognized to have a key role in a organization’s profitability by balancing

asset costs, risks, and performance. (Marttonen and Kérri 2013).

2.1 Asset management system

Asset management system (Figure 1) lays the foundation of policies, objectives and pro-
cesses to realize the value of its assets (SFS-ISO 55000 2024). The asset management system
is adapted to the operational environment and context of the organization. First, pertinent
issues and their effects to accomplish desired results should be addressed. Thereafter, the
asset management policy is formed considering relevant expectations, system requirements,
stakeholder interests, and the effects of asset management activities on stakeholders and or-
ganizational objectives. These elements collectively establish the scope of the system and its

boundaries (SFS-ISO 55001 2024).
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Organizational plans, objectives, and asset management policy are detailed in strategic asset
management plan (SAMP). In the SAMP, procedures are set to translate the above-men-
tioned principles into measurable asset management objectives, such as level of service or
acknowledging accumulated costs of asset ownership. Consequently, these procedures are
detailed in a framework consisting of an asset management plan (AMP) that aims to achieve
set asset management objectives. AMP may contain investment, maintenance and opera-
tional plans or other relevant asset management activities, through which the asset value over
its life cycle can be optimized by assessing appropriate and trustworthy data and risk behav-
ior over the asset’s life cycle. These processes are then evaluated and improved to achieve
the asset management objectives and key performance indicators (KPIs). The improvement
process aggregates evaluated data to all levels of the system for continuous improvement.
Moreover, the data is used to assess the system as a whole and to fine-tune SAMP and asset
management plans to achieve desired objectives and to mitigate risks. (SFS-ISO 55001 2024;
SFS-ISO 55002 2018).
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2.2 Asset management in organization

Asset management is on every level of an organization, and it is aligned with the organiza-

tional strategy (van der Lei et al. 2012, 53). Haider (2013) classifies asset management into

three levels: strategic, tactical, and operational. In short, strategic levels set the organiza-

tional objectives that are linked to tactical decision-making and operational activities. The

integration of information at all three levels supports key asset management activities, such

as LCC management of the asset system. (Haider 2013, 18-19).
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» Information and Data Management
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Figure 2. Asset management levels (modified van der Lei et al. 2012, 54; Haider 2013, 19-
21)

Strategic asset management sets the direction and boundaries for an organization to operate
and generate optimum value from its assets. Long-term vision, 10 to 25 years of asset man-
agement, is determined in a strategic asset life cycle plan. In the plan, the requirements of
the stakeholders, legal obligations and organizational plans and objectives, i.e. context, are
considered. (Haider A. 2013, 18-19). This strategic alignment is demonstrated in Figure 1,
where the asset management context is used to derive a SAMP. In the SAMP, organizational
objectives are aligned with the asset management objectives and linked to financial plans.
This process improves the value gained from the assets. (SFS-ISO 55002 2018). On a stra-
tegic level, the organization strengthens its competitive position and analyzes markets in

addition to technological development. Strategic asset management deals with issues such
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as success factors and capacity management, which van der Lei et al. (2012, 53-55) suggests
as key strategic asset management activities. By optimizing the success factor, the organiza-
tion identifies actions that distinguish it from its competitors. With capacity management,
the organization maximizes production through demand forecasting and competitive analy-

sis.

Tactical asset management identifies the systems and tools that are required to achieve stra-
tegic objectives. Tactical asset management translates strategic objectives into plans, regu-
lations, and KPIs that are put into practice at the operational level. For instance, if the organ-
ization pursues a high level of service, availability-enhancing policies are developed. (Haider
2013, 19-20). In addition, well-proven practices that are identified to increase the level of
service can be regulated as policies. Furthermore, life cycle management of an asset is also
important on a tactical level. With LCC management, cumulative expenditures and perfor-
mance of an asset should be assessed to measure when it needs to be replaced or invested in.
Consequently, asset management on the tactical level implements and develops the required
tools and procedures to support asset decision making. For example, data from computerized
maintenance management system (CMMS) can be improved to produce useful data about

asset condition and performance to upper management. (van der Lei et al. 2012, 53-55).

Operational asset management covers a few years’ plans, and it strives to achieve the objec-
tives of tactical asset management (Haider 2013, 20; van der Lei at al. 2012, 55). At this
level, activities include the improvement and management of maintenance programs, on-site
asset condition monitoring, and process criticality assessment. (van der Lei et al. 2012, 53-
54). Additionally, operational asset management encompasses day-to-day operations and
preparedness in exceptional situations, such as training the personnel to act in emergency

situations.

2.3 Asset management in business

Fundamentally, it is essential to determine an asset’s value, which may vary and change over
time among different stakeholders (SFS ISO 550002, 2018). The stakeholders may include
shareholders, workers, lobbyists, local communities, investors, or other interest groups. For

investors and shareholders, the asset value may be revenue, useful business partnerships, or
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growth potential. Whereas for local communities or lobbyists, the value of the asset may be
more sustainability focused. Asset management tries to balance these different value percep-

tions to produce the most cost-efficient and beneficial outcome. (Corcoran and Lloyd 2019,

).

In a business context, asset management on its own does not output measurable key financial
figures, like return of investment (ROI). Instead, its value is realized through indicators, such
as savings on the budget, an increase in the level of service, or reduced accidents at work.
(Corcoran and Lloyd 2019, 120). Unlike maintenance management, asset management takes
a more proactive approach by reflecting business plans and objectives in the operation and
maintenance of the assets. Asset management provides monetary information for its opera-
tional (OPEX) and capital expenditures (CAPEX), growth potential and replacement costs
to financial management. Thus, the accumulated costs over asset life cycle, risks, and per-
formance are set to deliver valuable information in asset decision making (Corcoran and
Lloyd 2019, 211, 217-218). Additionally, asset management supports analysis of outsourc-
ing decision making. If the markets are more favorable for external activities, it is econom-
ically more reasonable to sub-contract than to use an internal workforce. This can also reduce
the infrastructural costs of the organization, but reciprocally, increase the risk factor due to

the use of third-party services. (Balzer and Schorn 2022, 313-314).

Hastings (2013) presents a visualization of asset management in a business context (Figure
3) that is aligned with ISO 55001/2 standards. Comparing Figures 1 and 3 reveals SAMP as
the center of the asset management system. According to Anthony Vaughan (2019, 219),
SAMP should establish short, medium, and long-term business plans that consider different
business scenarios and cash flows models. These plans enable the construction of different
life cycle expense profiles that can be adapted to critical risk tolerance levels. While risks
can be mitigated by budgeting more CAPEX and OPEX, asset management personnel should
identify the minimum costs necessary to achieve the required risk tolerance level (Balzer
and Schorn 2022, 313). As shown in Figure 3, asset management system operates as a func-
tion of information, strategic objectives and risk management, with continuous evaluation

for system improvement.
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The implementation of the asset management system does not happen overnight but requires
time. The implementation process is measured with maturity level that indicates how well
the system is integrated within the organization and aligned with its strategy and operation.
Due to constant development in the field of asset management, current practices may be
outdated in the future. Therefore, the asset management system should be continuously im-
proved even if the desired level of asset management is reached. (Corcoran and Lloyd 2019,

21, 34-36).

2.4 Asset life cycle cost analysis

Life cycle costing was first introduced and adopted in the 1960s by the US military to assess

acquisition costs; however, it has not yet been widely adopted by many industrial companies.
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(Sinkkonen et al 2016). Utilization of life cycle cost analysis (LCCA) enables optimization
of an asset’s costs over its life cycle. The adoption of LCCA has been demonstrated to
improve service quality, support maintenance management, and reduce operational uncer-
tainty. (SFS-ISO 15663 2021). LCCA is used to calculate cumulative expenses over asset
service life from planning to disposal (Crespo Mérquez et al. 2009). This analysis is essential
for understanding the cumulative costs of asset ownership, not just acquisition costs. Fur-
thermore, LCCA also provides valuable information about the asset’s cost structure that is
used in budgeting and can help justify replacement versus maintenance costs (Hastings 2021,
170). The asset cost structure is divided into OPEX and CAPEX, where OPEX originates
from the operation of the assets and CAPEX from their acquisition (Hastings 2021, 243-
244).

A typical cost profile of an asset during its service life is demonstrated in Figure 4, where all
costs related to the asset are visualized (Crespo Mérquez et al. 2009). The overall asset cost
profile resembles a bathtub curve, which typically characterizes hazard rates describing im-
mediate failure over selected time. The cost profile consists of three areas: early life, useful
life, and wear-out. In early life, costs originate from conceptual design and acquisition of the
asset, which is regarded as CAPEX. Haider (2013, 27) suggests that in the asset design phase
organizations have two strategic options: either invest heavily in the design process to make
technically adequate assets or invest heavily in refurbishment and maintenance to make tech-
nically adaptive asset solution. Once the asset is in operation, expenditures increase in early
life due to infant mortality, which indicates failures in design, manufacturing, or installation.
During useful life, failures occur randomly but increase due to wear-out, with the majority
of the asset’s cost originating from maintenance. Thereafter, wear-out shows escalating dis-
posal and failure costs as the asset ages (Rivera et al. 2022). The share of preventive mainte-
nance costs increases in relation to the asset’s age, while the corrective maintenance costs

decrease as the asset wears out, as illustrated in Figure 4 (Haider 2013, 43).
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Figure 4. LCC profile of an asset (Crespo Marquez et al. 2009)

Justification for costs regarding OPEX and CAPEX budgets is provided to meet stakehold-
ers’ requirements (Corcoran and Lloyd 2019, 20-21). For instance, if stakeholders require a
high level of service, CAPEX budget can justify a replacement investment for a critical asset
to ensure high reliability. Furthermore, if an asset’s maintenance costs exceed investment
costs of a new asset, it may be more cost-effective to reinvest in asset renewal rather than

maintaining the old asset until worn-out.

Reliability means equipment's ability to operate normally under specified operating condi-
tions for a required period (Duran et al. 2020). Reliability is associated with life cycle costs
through reliability analyses (Crespo Marquez et al. 2009). These analyses consider tolerable
risks, availability, and the lowest price at which these can be met over the asset’s service
life. (Corcoran and Lloyd 2019, 21). Reliability analyses are mathematical models that are
constructed based on failure data and present failure probabilities of the asset. However,
operational and environmental conditions and their effect on asset conditions are not inher-
ently considered within the analysis and require risk correction coefficients. (Duran et al.

2020).

2.5 Assetrisk

Risk is a result of unpredictability on objectives, and it can be either negative or positive
(SFS-ISO 31000 2018). Simplified, risk can be expressed as a product of probability and
consequence (Dhingra and Velmurugan 2021, 44). This definition is used in risk classifica-
tion where severity of risks and their effects are recognized. A typical 5x5 risk assessment

matrix is presented in Figure 5, where risks that have significant impact and occur frequently
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are classified as high risk. If these risks are intolerable for asset stakeholders, the risks should
be reduced to an acceptable level. (Balzer and Schorn 2022, 197-199). For instance, such

risks can be health and safety hazards or plant outages due to critical equipment failure.
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Figure 5. Risk matrix (Balzer and Schorn 2022, 199)

The process of assessing and controlling risks is called risk management. Risk management
includes risk identification, analysis, and evaluation that leads to risk treatment. Risk man-
agement is an important part of asset management decision making (SFS-ISO 50001 2024).
The risk management process is affected by organizational context and scope, as well as
information about the operational environment and asset condition (SFS-ISO 31000 2018).
The process aims to determine all failures affecting asset performance and their probabilities
to identify significant risks. These risks are then assessed to meet stakeholders’ require-
ments, justify maintenance actions, and evaluate possible renewal investments. The imple-
mentation of these actions to reduce risk impact is called risk treatment. (Balzer and Schorn

2022, 198).
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3 Managing Assets

As presented in chapter 2, asset management is an activity that aims to realize the optimum
value of an asset. Managing assets, on the other hand, is an activity that keeps an asset in
good working condition for it to be able to create value for the organization (Sandu et al.
2023). In this chapter, assets are regarded only as physical assets. Physical assets are fixed

assets such as equipment, machinery, and plants (Hastings 2021, VII).

To keep assets in good working condition, maintenance should be implemented. Mainte-
nance enables an asset to function as intended during its lifetime. Maintenance management,
on the other hand, is a practice that directs maintenance organization to maintain assets as
required by the maintenance strategy and objectives. (Crespo Marquez 2007, 3). As shown
in Figure 4, maintenance activities have a major role in asset life cycle costs with mainte-
nance costs increasing as the asset ages and wears. (Haider 2013, 34, 43-44). Therefore, it is

vital to maintain the asset cost-efficiently to ensure optimum value generation.

3.1 Maintenance management process

Crespo Marquez (2007, 93) has developed a framework (Figure 6) for the maintenance man-
agement process that includes key areas to support maintenance decision making. The
maintenance management framework can be divided into four key areas: effective, efficient,

evaluative, and continuous improvement practices.
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Figure 6. Maintenance management framework (modified Crespo Marquez et al. 2009)

The first step in the maintenance management process is to implement objectives for the

maintenance process (Crespo Marquez 2007, 101-102). These objectives should be moni-

tored with KPIs that are aligned with asset management objectives (Dhingra and Velmuru-

gan 2021, 50; SFS-ISO 50002 2018). For instance, if the organization values a high level of

service, KPIs should target high availability that can be measured with increasing mean time

between failures (MTBF) or decreasing mean time to repair (MTTR). (Crespo Marquez

2007, 103). The definitions of MTBF and MTTR are presented in equations 1 and 2, respec-
tively (PSK 7501 2014).

MTBF =

Total time

Number of breakdowns

(1)
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Total time to restoration for breakdown maintenance
MTTR = (2)
Number of breakdowns

After the KPIs have been set, criticality classification is conducted based on the physical
asset register. The Criticality classification categorizes assets that are essential for the sys-
tem’s operation hierarchically. Maintenance of critical assets is vital to prevent severe con-
sequences due to asset failure. The Criticality classification can characterize assets by pro-
fessional experience, known data of failures, or by risk. (Crespo Marquez 2007, 107-116).
In process industry in Finland, asset criticality classification has been standardized in PSK
6800 standard, which determines asset criticality based on weighted environmental, safety,
and cost factors (PSK 6800 2008). To demonstrate the practical application of the criticality
classification, consider a power plant with thousands of assets in its physical asset register,
where the criticality classification highlights the most important assets, such as feed water
pumps rather than less critical components like their associated instruments and auxiliary

equipment.

Once critical assets have been determined, failure root cause analysis (FRCA) is conducted
to further understand and manage the assets. FRCA characterizes both potential and actual
failures and identifies actions that may lead to failure. FRCA helps to identify frequent fail-
ures that affect critical assets. In practice, FRCA logic defines different equipment failures
and hypotheses, while identifying the root causes of these failures. Based on the analysis,
failures can then be categorized and prioritized by risk and available resources to optimize

suitable maintenance tactics. (Crespo Marquez 2007, 127-131; Crespo Marquez et al. 2009).

Building on this risk-based approach, risk-cost optimization (RCO) is performed based on
preventive maintenance plans and identified risks. RCO is affected by the time horizon on
which the analysis is conducted. In a long-term analysis, costs accumulated over the asset
service life cycle may include maintenance capacity, equipment replacement costs, and spare
parts. Medium-term analysis, on the other hand, optimizes maintenance costs for future ser-
vice outages, while short-term analysis focuses more on resource allocation. (Crespo Mar-
quez et al. 2009). The risk factors are directly related to cost optimization; high asset avail-
ability requirements lead to increased costs through expanded spare part inventory and en-

hanced maintenance capacity (Crespo Marquez 2007, 158). In a reflective backward-looking
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maintenance model, the monetized value of risk is evaluated with costs incurred from
maintenance activities and from lost production due to failures. Failure rate, on the other
hand, represents the number of times an asset has failed within a selected timeframe. With
this knowledge, models representing unreliability costs are evaluated. (Crespo Marquez
2007, 290). However, these models are strictly mathematical and based on empirical data.

Thus, correction coefficients to adjust wear and operating conditions should be applied.

Maintenance management KPIs are used to assess the effectiveness and efficiency of the
maintenance management process. An effective and efficient maintenance management pro-
cess minimizes production disruptions, contingency costs, and maximizes productivity and
performance of the maintenance activities. Crespo Marquez (2007, 268) suggests that effec-
tive maintenance management KPIs are, for instance, corrective maintenance costs as a per-
centage of total maintenance costs. Asset costs are closely related to the efficient and effec-
tive maintenance management that strives for optimal maintenance costs. As addressed pre-
viously, LCC presents historical and projected costs of asset ownership. LCCA, on the other
hand, is used to assess alternative options to manage assets and to justify OPEX and CAPEX
over the asset’s service life. (Crespo Marquez 2007, 263, 270, 273). LCC and LCCA are
useful support tools in asset maintenance management decision-making to understand, vis-
ualize and optimize an asset’s cost structure (Crespo Marquez 2007, 98). To support these
tools and processes, the maintenance management process requires continuous improve-
ment, which Crespo Marquez (2007, 99) has highlighted as a critical factor for success; this
improvement is achieved by adopting advanced technologies for maintenance, and by in-
creasing the competence of maintenance personnel to perform maintenance tasks more ef-

fectively.

3.2 Maintenance strategy

Asset maintenance strategy is a combination of different maintenance tactics that are best
suited to increase asset reliability cost-effectively (Haider 2013, 43). The strategy incorpo-
rates failure identification, condition monitoring and spare parts management, in addition to

equipment-specific maintenance tactics (Dhingra and Velmurugan 2021, 5). The
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formulation of maintenance strategy of an asset is visualized in Figure 7, which presents key

elements affecting the most suitable strategy.

Maintenance
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Figure 7. Asset maintenance strategy selection criteria (modified Dhingra and Velmurugan

2021, 65)

Maintenance personnel’s contribution to the maintenance strategy is critical and is influ-
enced by the organization’s size and culture. These personnel have insight into the asset's
performance under operational conditions. Thus, their ground-level knowledge and histori-
cal insight can be utilized to determine the most suitable maintenance tactics, specifically in
condition-based maintenance. Their expertise is also utilized in determining asset criticality
analysis by identifying risk consequences, historical failure frequencies, spare part procure-
ment lead times, and asset replacement value (ARV), for instance. (Dhingra and Velmurugan
2021, 65-66; PSK 6800 2008). Regarding process severity and complexity, maintenance
should enable assets to function at peak efficiency. Consequently, issues relating to risks,

environmental impacts, and technological upgrades are considered in the maintenance
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strategy. Original equipment manufacturers’ (OEM) instructions also affect maintenance
procedures and ensure warranty in failures, with their manuals including recommendations
based on equipment running hours, requirements for spare parts, and preventive maintenance
plans. Additionally, available resources and maintenance policies contribute to the mainte-
nance strategy. Maintenance policy contains requirements and guidelines for the organiza-
tion to maintain its assets in optimal working conditions, while maintenance resources are
allocated through the asset maintenance budget that is revised annually. The maintenance
plan is derived from the maintenance strategy and integrated into the maintenance business

plan. (Dhingra and Velmurugan 2021, 29-30, 41, 65-66).

3.3 Asset maintenance

Increased competitiveness and high-quality demands have led to the development of differ-
ent maintenance tactics. Initially, maintenance was purely corrective, where equipment was
only maintained after breakdown. Following the Second World War, maintenance strategy
shifted towards preventive maintenance, with practices implemented on a calendar basis,
leading towards more cost-effective maintenance. (Torre et al. 2023). In the 1960s, reliabil-
ity-centered maintenance (RCM) was developed in the aviation industry to increase availa-
bility and security, while decreasing maintenance costs. RCM considers operational context,
analyzes root cause failures, and suggests optimal maintenance methods to prevent identified
failures. (Crespo Marquez 2007, 133-134). As maintenance tactics evolved, a new mainte-
nance philosophy called total productive maintenance (TPM) was introduced in Japan in
1971. TPM aims to increase equipment availability by involving personnel within the organ-
ization to engage in maintenance tasks. (Crespo Marquez 2007, 31-32). Consequently,
maintenance has developed into increasingly predictive and proactive practices (Torre et al.

2023).

The idea of asset management originated in the late 20 century to gain better value from
assets. Regarding maintenance, asset management provides information on whether mainte-
nance intervals can be postponed considering risks and cost savings to optimize asset per-
formance. Consequently, asset management began to question unjustified maintenance rou-

tines and practices in favor of a more holistic approach. (Corcoran and Lloyd 2019, 12-13).
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In practice, asset maintenance management has evolved from addressing purely functional
issues to resolving strategic-level problems. Implementation of asset management philoso-
phy has driven maintenance management to improve continuously, increasing organizational
competitiveness and profitability. (Dhingra and Velmurugan 2021, 4). In an organization
that has standardized asset management as part of its operation, asset maintenance plans are
based on a selected asset management strategy. Hence, the most suitable combination of
maintenance tactics is implemented for the assets. (Dhingra and Velmurugan 2021, 37, 149-
150, 158; IAEA 2021). These maintenance tactics can be divided into different practices
(Figure 8) that are implemented in asset maintenance plans based on available resources and

stakeholders’ requirements (Dhingra and Velmurugan 2021, 1, 5).

Asset Mai e
Tactics
v v v v v v v
Corrective Preventive Predictive Condition-based OEM Reliability-Centered Total Productive
Mai e Mai € Maintenance Maintenance Rec dati Mai e (RCM) Mai & (TPM)

Figure 8. Maintenance tactics (modified Dhingra and Velmurugan 2021, 38; Haider 2013,
45)

3.3.1 Preventive maintenance

Preventive maintenance is planned, time-driven, maintenance that aims to keep assets in
good working condition. Preventive maintenance practices include repairs, lubrication, ser-
vicing, spare part procurement, calibration or inspection that take place before failures occur.

(Dhingra and Velmurugan 2021, 38; Al-Refaie and Almowas 2023).

As mentioned in subchapter 3.2, maintenance strategy affects maintenance plans. Preventive
maintenance plans are categorized as cost-based, time-based, or failure-based. Cost-based
maintenance plans evaluate total costs of maintenance, including labor, spare parts and other
maintenance related costs, against costs of asset failure and lost production. Thus, economic
benefits of preventive maintenance can be quantified per unit of time. While cost-based
maintenance is an effective tool to justify maintenance activities, its accuracy can be prob-

lematic as costs are estimated using potentially ambiguous mathematical models, leading to
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inaccurate decision making. Time-based maintenance plans, on the other hand, appraise the
duration of maintenance processes, including repairs, replacement failure-related downtime,
and spare part procurement. Time-based planning is used when time is a critical factor in
maintenance decision making. In failure-based preventive maintenance, failure root cause
analysis (FRCA), and failure mode and effects analysis (FMEA) are conducted, which are

essential approaches for critical asset maintenance. (Basri et al. 2016).

3.3.2 Corrective maintenance

Corrective maintenance is practiced after a fault has been noticed, with the function of re-
turning an asset to its working condition (PSK 7501 2024). This maintenance approach can
be either immediate or postponed depending on the fault (Crespo Marquez 2007, 71). Itis a
maintenance tactic that allows an asset to run to failure (RTF), and it is suitable for low-cost,
technically constrained, or technically obsolete assets. (Haider 2013, 45). Therefore, if repair
costs are feasible and equipment failure is not crucial for the system, the RTF approach can

be employed (Torre et al 2023).

3.3.3 Predictive maintenance and condition-based maintenance

Predictive maintenance is a condition-based maintenance tactic that estimates the remaining
service life of an asset (van Oudenhoven et al. 2023). This approach monitors measurable,
repetitive data and forecasts the exact time when an asset fails. Predictive maintenance sys-
tems utilize mathematical models and algorithms, where condition data is fed to a decision-
support system (DSS). However, implementation of such models may face acceptance issues
regarding their credibility and necessity. Issues relating to DSS’s performance, process or
purpose may arise in predictive maintenance decision-making. For instance, users may find
it hard to trust a system that is not completely accurate or whose operation they do not fully

understand. (van Oudenhoven et al. 2023).

In practice, condition-based maintenance involves monitoring equipment at set intervals and

comparing results to historical data to evaluate equipment’s real-time condition (Lahdelma
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and Juuso 2013). Execution of condition-based maintenance may include various tests such
as visual inspections, performance monitoring, or data evaluation. A significant application
of condition-based maintenance is in maintenance of rotary machines, where equipment con-
dition can be monitored through vibration measurements. These vibration signals can be
assessed to identify deviating signal peaks that indicate potential bearing failures. (Popescu

etal. 2022).

3.3.4 Reliability-centered maintenance

Reliability-centered maintenance (RCM) is an effective maintenance concept that aims to
ensure cost-effective performance capability of the system as stated in an organization’s as-
set management system, while avoiding unnecessary maintenance and ensuring tolerable
risk levels (Basson and Moubray 2018, 29; Geisbush and Ariaratnam 2022). The strength of
RCM lies in incorporating fault history, physical asset condition, and context to optimize
maintenance practices (Shamayleh et al. 2019). The RCM process is presented in Figure 9,
which demonstrates its underlying logic of understanding the function of the system and its
requirements. Through this approach, equipment failures, failure occurrences, conse-
quences, and their risks affecting the system functionality can be assessed. RCM seeks to
identify maintenance methods that reduce the likelihood of functional failures while mini-
mizing costs at the desired risk level. This approach enables effective allocation of mainte-

nance resources to prevent critical equipment failures. (Geisbush and Ariaratnam 2022).
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Figure 9. RCM logic (Basson and Moubray 2018, 29)

The RCM process brings together different maintenance stakeholders to review best prac-
tices for asset maintenance. The review groups assess asset condition and fault history while
considering maintenance objectives and strengths of personnel. This approach enables a
comprehensive evaluation of asset maintenance in relation to organizational capabilities.
However, this process is resource-intensive and is therefore suitable only for prioritized crit-
ical assets. (Basson and Moubray 2018, 443-449). Moreover, there has been academic dis-
cussion about whether the resources spent on the RCM process are justified even for critical

assets (Shamayleh et al. 2019).

When conducting these RCM reviews, the groups follow a structured analysis process (Fig-
ure 9). After establishing operational context and asset function, FMEA is conducted to an-
alyze individual asset failed states and their effect modes. (Basson and Moubray 2018, 33).
For instance, a failed state might be a stuck ball bearing, while failure modes represent the
root causes of such failures, such as excessive greasing (Crespo Marquez 2007, 137). Fol-
lowing the identification of failed states and modes, failure effects, consequences, and their
associated risks are evaluated. This comprehensive analysis enables implementation of cost-
effective maintenance practices and proactive risk management strategies. (Basson and

Moubray 2018, 29-36).

Compared to preventive maintenance, RCM is not timetable-driven, but more reliability-

focused, proactive, and optimized (Geisbush and Ariaratnam 2022). RCM recognizes that
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reliability is seldom age-related due to asset complexity. Empirical studies in the aviation
industry have identified various failure patterns (Figure 10) for different mechanical and
electrical equipment. In pattern A, failure probability is highest in the beginning and at the
end of an asset’s life cycle, with the initial failure known as a startup failure. In pattern B,
failure probability remains random until the end of an asset’s life cycle, when it increases
rapidly. Pattern C shows an increasing probability of failure due to asset aging, but without
visible failure peaks. In pattern D, reliability is at its highest at the beginning, but after some
time, the failure profile becomes linear, indicating completely random failures thereafter.
Similarly, in pattern E, failure is completely random throughout the asset’s life cycle. In
pattern F, failure probability is at its highest at the beginning and random thereafter. (Basson

and Moubray 2018, 38-39).
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Figure 10. Various equipment failure patterns (modified Basson and Moubray 2018, 38)

Contrary to initial assumptions, scheduled maintenance may lead to an increase in failures
through the introduction of start-up failures or failures originating from human error in
maintenance actions. (Shamayleh et al. 2019; Basson and Moubray 2018, 38-40). Further-
more, unnecessary preventive maintenance may lead to over-maintenance and increased

maintenance costs (Shamayleh et al. 2019).
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3.3.5 Total productive maintenance

Total productive maintenance (TPM) aims to optimize asset performance throughout its life
cycle (Torre et al. 2023). TPM recognizes that improved and optimized asset maintenance
leads to improvement in quality and thus, excellence in business. Key ideas in TPM are to
maximize productivity, eliminate root cause errors, and implement maintenance throughout
the whole organization. (Mogdil and Sharma 2016). In this respect, TPM is a methodology
that proceeds to involve people within all levels of the organization to improve and to in-

crease effectiveness of maintenance (Torre et al. 2023).

In the core of TPM, employees are trained to practice basic maintenance autonomously and
to acknowledge its importance. Furthermore, employees are encouraged to monitor equip-
ment performance and work together. The framework behind TPM is presented in Figure 11
in the form of eight pillars. (Jain et al. 2014). Tortorella et al. (2021) have highlighted key
pillars in TPM and conducted a literature review regarding the TPM practices associated
with different application contexts. Autonomous maintenance aims to increase operators in-
put to maintenance practices; therefore, operators are trained to acknowledge equipment de-
terioration and autonomously practice basic maintenance practices such as cleaning, visual
inspections, or lubrication. As for focused improvement, TPM aims to improve maintenance
practices by conducting FMEA and increasing overall equipment efficiency (OEE). (Jain et
al. 2014; Tortorella et al. 2021). To measure the success of implementation of TPM, OEE
serves as a KPI that evaluates the system’s effectiveness and productivity (Chaabane et al
2021). The calculation of OEE is standardized in PSK 7501, which provides the following
formulas (equation 3-6) (PSK 7501 2024).

OEE = Availability - Performance - Quality rate (3)

where, availability is determined by equation 4, performance by equation 5, and quality rate

by equation 6.

Availability = Operating time @
VARABEY = Operating time + Down time

Production volume
Performance rate = - - - - - (5)
Nominal production capacity - Operating time
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Production — Rejected production

(6)

uality rate =
Q Y Production

TPM also includes planned and quality maintenance that aims to minimize functional fail-
ures by implementing effective maintenance. Implementing effective maintenance empha-
sizes key principles in TPM, including education and training employees. The training in-
creases employees’ ability to develop into multi-skilled personnel whose skills can be uti-
lized in diverse work tasks and in implementing innovations and advanced procedures.
(Tortorella et al. 2021). However, employee training is expensive and requires significant
human and information resources (Hennequin et al. 2009). Regarding the work environment,
TPM emphasizes the need for a safe and accident-free workplace and promotes synergies

between different departments in the organization (Tortorella et al. 2021).
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Figure 11. Eight pillars of TPM (Jain et al. 2014; Tortorella et al. 2021)

Implementation of TPM methodology may face challenges in the organization. The organi-
zation may not be ready to accept new practices or may have deficiencies in top management
support. Additionally, there may be a lack of tools to assess KPIs that monitor TPM’s suc-
cess. To successfully implement TPM methodology, comprehensive training in TPM prac-

tices and principles needs to be provided at all organizational levels. Subsequently, resources
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should be allocated for implementation of autonomous maintenance and planned quality
maintenance practices. TPM should also align with the organization’s overall objectives to
ensure operational-level practices contribute to set goals. Thereafter, practices and perfor-
mance should be evaluated and continuously improved through regular audits. (Garcia Al-

caraz et al. 2025, 273-276).

3.3.6 CMMS and data evaluation

In modern maintenance management, support utilities such as communication and infor-
mation systems, including CMMS, enable efficient application of maintenance strategy in
asset maintenance. CMMS are important for exchanging information within the organization
and improving maintenance management practices. (Dhingra and Velmurugan 2021, 11).
CMMS enables broad data acquisition and handling capabilities that support maintenance
decision-making and asset condition monitoring. However, integration of a CMMS may be
problematic in complicated processes. In successful CMMS implementation, the following
issues should be considered: acquisition of data, flow of information, quality of data, data

validation, standardization, and data exchange. (Razmi-Farooji et al. 2018).

Converting ambiguous data into numerical data that can be assessed within the system may
be challenging. Condition-based monitoring provides an example: when an operator moni-
tors equipment condition, gut-based analysis must be converted to standardized numerical
values. In such cases, fuzzy logic is applied. Fuzzy logic is a means to process and transfer
ambiguous data to numerical data. It interprets vague data through logical implications that
are manipulated by a system of rules derived from internal knowledge and system inputs.
The fuzzified solution is converted into a crisp, exact, numerical value. (Peckol 2021, xxvi-

xxvii, 144-148)
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4  Case study: Bio-methanol purification plant

This chapter introduces the case mill bio-methanol purification plant from an asset manage-
ment perspective. The series of ISO 55000 standards serves as a reference for applying the
asset management system to the purification plant. To implement the asset management sys-
tem, both its scope and objectives must be clearly defined. Based on these foundations, an
ISO 55000 compatible maintenance management system was established for the purification

plant.

4.1 Introduction to the case mill bio-methanol purification plant

The case mill bio-methanol purification plant was commissioned as an EPC project (engi-
neering, procurement and supply). In addition, the contract also included a 2-year spare part
list, asset maintenance plan, and estimation of ARV by asset type. The purification plant will
start to operate in August 2025, and it will have a 2-year manufacturer’s warranty period and
supplier’s guarantee that the plant will reach the required methanol (MeOH) purity. The
designed purification plant has been evaluated to reach 97 % availability, based on estimated

asset failures and redundancy in the system.

The purification plant produces bio-methanol (12 000 t), bioethanol (1 000 t), and ammo-
nium sulfate (2 000 t) from crude sulphate methanol. The crude sulphate methanol is sup-
plied from the Group’s pulp mill located in the same industrial area. The plant is designed
to refine more crude MeOH than the pulp mill can produce. The produced MeOH is purified
to meet the International Methanol Producers and Consumers Association (IMPCA) stand-
ard quality (Table 1). Due to the high degree of refining, the target market for the IMPCA
standard MeOH includes transport fuel for traffic or maritime transportation or use in the
chemical industry as a substitute for conventional MeOH. In addition, extracted side streams
from the purification process, such as ammonium sulfate, can be sold and utilized as ferti-
lizers in agriculture. In the future, more extractives, such as turpentine, can be refined and

sold from the crude sulphate methanol purification process.
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Table 1. IMPCA methanol reference specifications (IMPCA 2024)

Composition by mass Crude methanol [%] IMPCA
Methanol 63,77 > 99,85 [%]
Ethanol 3,57 <50 [mg/kg]
Acetone 0,78 <30 [mg/kg]
Sulfur 8,05 <0,5 [mg/kg]
Water 18,57 <0,1 [% W/W]
Nitrogen ~3,57 *

In the pulping process, crude methanol that is obtained as condensate from the evaporator is
usually incinerated in a lime kiln or in a recovery boiler. As visible in Table 1, crude meth-
anol consists of malodorous sulfuric compounds alongside a high concentration of water and
nitrogen compounds. (Ek et al. 2009, 313, 377). To add, compounds in crude methanol are
hazardous, flammable, toxic, corrosive, dangerous to aquatic life, and explosive (Tyoéter-
veyslaitos 2025). Furthermore, almost the whole area of the process is considered Explosive
Atmospheres (ATEX) and is under European Union’s (EU) ATEX legislation and directive
(2014). Due to the possibility of the explosion risk, the size of the plant is limited to restrict

the potential danger area.

The purification plant integrated into the pulp mill is dependent on the pulp mill’s operation.
At the time of this thesis, the pulp mill supplies the required utilities and is the only supplier
of crude MeOH for the purification process. In return, the pulp mill gets additional revenue
from crude MeOH that is otherwise considered as a waste material flow, improved pulp
bleaching, and lower carbon footprint. Marginally, the Group loses approximately 10 000
MWh of heat capacity in the recovery boiler by extracting crude MeOH. The material flows

between the pulp mill and the purification plant are presented in Figure 12.
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Figure 12. Material flows between the pulp mill and the purification plant

In a business context, the Group provides a steady supply of crude MeOH that VSS purifies
and distributes in the commodity markets. Contractually, VSS has delivery agreements with
its end-product customers and an obligation to fill in the required quantities determined in
the commodity market contracts. To maximize profitability, VSS aims to purify all the crude
MeOH that Group can supply to IMPCA standard quality. However, as can be seen in Figure
12, one-sided dependency on the pulp mill’s crude methanol supply is challenging from a

business perspective, as any supply outage would disturb the purification plant’s operations.

4.2 Case study in the perspective of asset management context

To optimize operation and realize the value of an asset, the implementation of an asset man-
agement system is required. As discussed in chapter 2, it is important to understand the scope
and objectives of the system, and to adjust asset management plans optimally. The ISO
55000 standard series-compliant asset management system for the case mill bio-methanol

purification plant is presented in Figure 13.
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Strategic asset management is reflected in the purification plant by promoting the strategic

goals of the stakeholders. For instance, Veolia’s asset management goals include a compre-

hensive understanding of the asset’s life cycle costs and accurate risk analysis to realize the

maximum value of the asset. The business strategy is closely aligned with strategic asset

management as it establishes the core of the business opportunity: to process and refine

MeOH to IMPCA standard for commercialization.

From the point of view of the case study, tactical asset management aims to define a strategy

that is used to meet the core business objectives while complying with stakeholder con-

straints and expectations. The strategy defines objectives and goals, such as target KPIs that
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are used to review the effectiveness of the system. In the asset management context, notable
KPIs for the purification plant are the following: quality, quantity and yield of the IMPCA
standard MeOH, effluent load, and emission intensity. Furthermore, tactical asset manage-
ment recognizes and adopts required support tools and regulates best-suited policies to opti-
mize and improve the system. In addition, tactical asset management adopts plans to review
risk, cost and performance of the assets in its physical asset register. To review risks, VSS
utilizes criticality-based risk management that is based on PSK 6800 (Partanen 2022). At the
time of this thesis, VSS has begun adoption of qualitative approach to assess asset condition
and obsolescence on a scale of 1 to 4, where 1 is excellent and factory new and 4 is unser-
viceable and obsolete. Lastly, asset costs incurred during their service life are reviewed in

an internal asset LCC management support tool that is discussed in more detail in chapter 5.

Operational asset management focuses more on operational control and process assessment.
In the case of the purification plant, the acquisition of performance data, assessment of asset
conditions and performance, competence development of the staff, and continuous improve-
ment and evaluation of the maintenance routines are essential to increase the realized value

of the asset.

4.3 Physical asset register

The purification plant’s physical asset register is categorized hierarchically by the Group’s
process and unit identification system in the CMMS. Furthermore, CMMS is used in man-
aging and optimizing maintenance tasks (da Silva and de Souza 2024). The hierarchical sys-
tem divides the physical assets into two systems, process equipment and control room equip-
ment. This study is limited to process equipment. The process equipment consists of four
subsystems that categorize the equipment by crude MeOH cleaning, extraction, purification,
and auxiliary systems. The subsystems identify the main processes and primary assets relat-
ing to the system. An example of the hierarchical system at the primary asset level is pre-

sented in Figure 14.
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Figure 14. Hierarchical process system

4.4  Asset maintenance plan

A maintenance management framework for asset management (MMFAM) is utilized to con-
struct an ISO 55000 compatible asset maintenance system in Figure 15. Similarities to [ISO
standardized asset management framework (Figures 1 and 13) and Crespo Marquez’s
maintenance management framework (Figure 6) are noticeable from the Plan-Do-Check-Act
(PDCA) cycle that defines the continuous improvement of management systems (da Silva

and de Souza 2024).
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Figure 15. MMFAM process (modified da Silva and de Souza 2024)

To successfully implement MMFAM, scope, boundaries, and context of the system need to
be clearly defined to ensure alignment of maintenance plans with the system. Boundaries of
the system are based on statutory requirements, such as ATEX inspections and organiza-
tional resource limitations. Regarding operational scope and context, integration with the
pulp mill dictates the feasibility of the maintenance schedules, requiring shutdowns to be
simultaneous with Group’s supply shortages, for instance, due to annual outtake. Further-
more, maintenance should strive for high availability of the purification plant to maximize

annual production of the end products.

As discussed in the beginning of chapter 4, the supplier has provided a long-term preventive
maintenance schedule for the purification plant that is based on OEM maintenance manuals
and statutory maintenance inspections, such as quadrennial pressure equipment inspections.
Performing the scheduled maintenance work maintains the two-year warranty period that the
supplier has guaranteed. However, it should be emphasized that the maintenance schedule
provided has several factors to bear in mind. First, it does not include planned maintenance

practices for all the primary assets or assets that are sensible to maintain. Furthermore, since
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the bulk of the maintenance schedule is based on the OEM maintenance manuals, which are
typical for EPC projects, all maintenance routines are not economically feasible. For in-
stance, operating non-counter-based instruments with the RTF principle is more profitable
than calibrating and maintaining old ones every two years. Finally, to determine the scope
of the MMFAM process, the asset register should include assets that have statutory or pre-
ventive maintenance programs and assets for which carrying out preventive maintenance

practices is sensible.

The maintenance strategy of the purification plant should consist of a mixture of best-suited
maintenance tactics (Figure 8) that are parallel to the supplier’s scheduled planned mainte-
nance program for the assets in the physical asset register. Condition-based maintenance
could be practiced until an asset has reached a certain level of degradation. At this point,
based on asset costs, risk, and performance, the asset could be either replaced or maintained
with combinations of scheduled and condition-based maintenance practices (IAEA 2021).
The maintenance plans should strive to reach set objectives, for instance, a high level of
service as visualized in Figure 13. Furthermore, the asset management maintenance plans
should elaborate maintenance, renewal, and contingency plans that are optimized by balanc-

ing asset costs, risks, and performance (da Silva and de Souza 2024).

After the plans have been identified and elaborated, maintenance is carried out accordingly
and supported by the CMMS system. The CMMS directs the operator’s daily routine condi-
tion monitoring route tours, as well as manages spare part inventory and preventive mainte-
nance schedules. During condition monitoring route tours, operators may detect that an asset
is predicting a failure and react to the failure by filling out a failure report in the CMMS.
The report is then reviewed by a maintenance engineer who plans the required maintenance
action. The maintenance action can vary from minor maintenance to the procurement of a
completely new asset. After the maintenance, the condition of the asset is assessed in the
CMMS to determine the asset condition. Maintenance planning and its effects on asset per-

formance are presented in Figure 16.
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Figure 16. Impact of maintenance on asset performance (Rasmussen M. and Thorstensen T.

1999)

In the MMFAM process, performance evaluations and process improvements are essential
components for continuous improvement implementation. Performance audits and reviews
within the organization are utilized to identify and evaluate improvement opportunities. (da
Silva and de Souza 2024). To evaluate maintenance management performance, specific KPIs
are monitored through a data visualization support tool. The data visualization support tool
integrates with the CMMS, which serves as a primary source of maintenance data. The mon-
itored KPIs include, among others, development of MTBF (equation 1) and MTTR (equation
2) that assess availability. Through systematic KPI monitoring, maintenance performance

can be evaluated and compared against historical data.

As discussed previously, asset management balances costs, risks, and performance. In Veo-
lia, an internal asset LCC management support tool has been developed to increase cost-to-
asset knowledge, and to optimize costs in relation to risks and asset performance. The sup-
port tool could be used to model costs incurred over an asset’s service life, such as planned
and unplanned maintenance costs and renewal or refurbishment costs of asset ownership. In
addition, the support tool enables asset assessment by visualizing asset replacement value in
relation to asset criticality, condition, and risks. In the MMFAM context, the support tool
could be used to evaluate whether an asset should be refurbished or renewed along its life

cycle or whether outsourcing should be utilized instead of internal labor. Additionally, the
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support tool offers a way to visualize the state of maintenance by differentiating preventive
and corrective maintenance costs, which provides useful information if an asset is under-

maintained.

To conclude, MMFAM sets up a forward-looking maintenance management process that is
aligned with the ISO 55000 standardized asset management framework and suitable for the
purification plant (Figure 13). Additionally, by adopting the support systems to their full
potential, and continuously evaluating and improving the process, maximum value of the

asset can be obtained.
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5 Asset management with LCC modeling and analysis

This chapter focuses on asset LCC management, including LCC modeling and analysis. It
presents the assumptions and methodology used to develop an LCC profile for the case mill
bio-methanol purification plant utilizing Veolia’s internal asset LCC management support

tool.

5.1 Introduction to the asset LCC management support tool

The asset LCC management support tool is utilized to plan life cycle costs of an asset and
create LCC models that can be optimized to realize the maximum value of the asset. The key
strength of the support tool is the ability to project costs that are incurred over an asset’s
service life. Furthermore, the support tool can be used to justify CAPEX or OPEX invest-
ments, increase transparency in the decision-making process, review historical costs, assess
assets by costs, risks, and condition, and lastly win more contracts by more accurate contract

pricing models.

The support tool requires users to input an asset’s identification code (ID), type, criticality,
estimated ARV, relevant condition, and preventive maintenance program as initial values.
Once the required data has been imported to the system, an LCC model including renewals
and scheduled preventive maintenance costs can be created with the selected assets in the
operational system scope. To create the model, the tool requires initial values for each pre-
ventive maintenance routine and asset renewal, including frequency, cost structure, and pat-
tern. Thereafter, different LCC models can be created by varying both operational scope of

assets and the extent of preventive maintenance routines included.

Subsequently, after the LCC models have been developed, the support tool visualizes se-
lected reviews of the assets in the asset assessment module. The asset assessment module
enables visualization of assets by criticality, costs, and condition in user-determined matri-
ces, similar to Figure 5. Furthermore, the support tool allows users to review individual as-

sets, or a group of assets, comprehensively. Additionally, the support tool enables users to
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define detailed failure mode data, generate asset plans, conduct failure modes and effects

criticality analysis (FMECA), and manage critical spares.

5.2 Developing the asset LCC model

This thesis incorporates the core principles from ISO 15633 standard, which addresses life
cycle costing for petroleum, petrochemical and natural gas industries, to manage asset LCC
with the support tool. The core principles are the following: define scope, identify and collect
data, develop LCC models, assess the models, factor in uncertainties, and lastly, report and

iteratively improve the process. (SFS-ISO 15663 2021).

5.2.1 Data collection

The asset LCC management support tool was used to develop an LCC model for the purifi-
cation plant. At first, it was essential to determine assets that would be imported to the sys-
tem. The methodology in the thesis was to select assets that generated or were responsible
for noticeable costs during the purification plant’s service life. The costs incurred were de-
termined from the estimated ARV and from the cumulative scheduled preventive mainte-
nance costs. As a result, the majority of the selected assets were individual primary assets
(127); furthermore, de minimis assets, which were recognized to generate noteworthy costs
collectively during the service life of the purification plant, such as instrumentation and au-
tomation equipment, were grouped and managed as a single asset entity in the support tool.
In total, 132 different assets were selected to be imported to the system from the physical
asset register. The selected assets were then identified according to Veolia’s asset type, re-
sulting in 20 different types of assets. Thereafter, essential information about the assets was
imported to the support tool, including estimated ARV, criticality, condition, and other rel-

evant data.

The ARV was determined by a price breakdown list provided by the supplier, the EPC con-
tractor. The list had price breakdowns in two ways: individually in the case of most expen-

sive assets, and by system or group for similar assets such as automation equipment or
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centrifugal pumps. Determining individual ARV proved challenging when the list’s ARV
encompassed multiple assets in a single group. This issue was addressed either by consider-
ing the system or group of assets as one asset, dividing the ARV equally among the assets,
or by allocating the ARV proportionally based on the author’s expertise for each asset. The
group asset method was utilized for support systems, e.g. instrumentation and automation,
and piping. For assets that were similar, such as small tanks, ARV was equally distributed
among the assets. The proportionally allocated method was recognized to be suitable for
systems or groups of assets in the price breakdown list that had a large variety of assets by
their type, model, size, and power. Such systems included ammonium sulphate (AMS) or a
group of centrifugal and process pumps. Lastly, for the remaining assets that could not be
differentiated, an estimated ARV was looked up on the internet, consulted with plant per-

sonnel, or approximated using best judgment.

Regarding the asset conditions, all assets were assumed to be factory new, as the purification
plant was newly constructed. During the thesis work, however, it was identified that deter-
mining the actual condition of the assets can be challenging, particularly for grouped assets,
such as process piping, or assets that are inaccessible. Additionally, all the other relevant
information was imported from the CMMS, including asset criticality that had been deter-
mined by the PSK 6800 standard. Furthermore, differentiating a group or system of assets
by criticality proved to be challenging; therefore, a more detailed analysis was beyond the

scope of this thesis.

5.2.2 Preventive maintenance

As discussed in chapter 4, the supplier provided a preventive maintenance schedule, equiv-
alent to the one shown in Table 2. The preventive maintenance schedule provided by the
supplier included adequate information for the asset LCC management support tool to esti-
mate total costs of maintenance for the purification plant’s service life by including mainte-

nance frequency, required workforce, and planned hours of the maintenance task.
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Table 2. Example of provided preventive maintenance schedule

Function Location ID Maintenance task Frequency| Unit |Planned hours Requfl(r)igework
Asset 1 Impeller V}sual inspec- | . 3 1
tion
Asset 2 Statutory inspection 4 a 8 2

The methodology in the thesis was to develop a library of maintenance routines that were
based on the supplier’s preventive maintenance tasks. The library of maintenance routines
was allocated by asset type, narrowing down the maintenance tasks to 68 different mainte-
nance routines, with some routines consolidated to simplify the library and facilitate cost
tracking. The library of maintenance routines was differentiated into three categories by the
author’s expertise: major primary asset maintenance (16 routines), minor primary asset
maintenance and condition monitoring (28 routines), and general maintenance for grouped
de minimis assets (24 routines). Major primary asset maintenance included tasks that were
laborious and expensive, such as general overhauls and quadrennial pressure vessel inspec-
tions. Minor primary asset maintenance included maintenance tasks that were frequent and
inexpensive to practice. Most of the minor maintenance tasks were either visual inspections,
condition monitoring, or oil changes, to name a few. Lastly, general maintenance for grouped
de minimis assets included tasks, such as calibration of instruments, ATEX inspections,

valve maintenance, and visual inspections.

5.2.3 LCC model

Once all the required data had been imported and the maintenance routine library established
in the system, LCC models could be developed in the asset LCC management support tool.
The first steps in the creation of the LCC models were to select operational system scope,
which determined the assets that were included in the model. In total, five different LCC
models were developed for this thesis including varying assets and maintenance routines

(Table 3).
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Table 3. Developed LCC models

Name of the LCC model Assets included Maintenance tasks considered
Renew Primary Assets 127 0
PM limited Primary Assets 127 84
PM limited All Assets 130 90
PM broad Primary Assets 127 232
PM broad All Assets 131 256

The developed models were chosen to enable versatile comparison between different asset
portfolios and preventive maintenance schedules to determine the most optimal model for
the case mill bio-methanol purification plant. The models gave valuable insight into accu-

mulated costs and labor intensity at both cumulative and annual levels.

Once the operational scope was set, the LCC models were created individually assessing
each asset’s LCC profile in the support tool. An asset’s LCC profile consists of four models
in the support tool: renewal, refurbishment, repair, and preventive maintenance models. In
this thesis, refurbishment and repair models were excluded due to lack of data. To establish
the renewal profile of an asset, the asset’s mean service life, ARV, and failure pattern were
to be determined. The asset’s mean service life was determined from literature (Table 4),
Veolia’s internal source material, or estimated with the author’s expertise if no data was

available.

Table 4. Estimated mean useful life of assets considering energy systems (modified Dhillon

2013, 149-150)

Asset type Mean life expectancy [years]
Air compressors 20
Centrifugal pumps 20-25
Electric motors 20-25
Centrifugal fans 25
Boiler pressure parts 20
Room air conditioners 8

In the replacement model, ARV was assumed to be time-independent and invariable. How-
ever, this assumption disregards potential price fluctuation due to inflation and possible pro-
cess modifications that might necessitate procurement of an asset with deviating ARV from

the original. The ARV was then allocated proportionally to service and material costs that
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were determined from Veolia’s internal reference material. By differentiating material and
service costs, a more detailed cost profile of the assets could be exported from the system if
necessary. Thereafter, the replacement pattern was set from the support tool’s pattern library.
The library consists of various statistical age-related patterns that incorporate renewal pro-
files. Examples of similar patterns are illustrated in Figure 10. In the thesis, a normal age-

related pattern was used for the renewal profiles.

After creating the renewal models, the selected maintenance routines were allocated for the
assets from the maintenance routine library in the support tool. The number of allocated
maintenance routines is presented in Table 3. Similar to the asset renewal profile, mainte-
nance frequency, cost, and pattern needed to be determined as initial values in the support
tool to model an asset’s long-term preventive maintenance profile. Maintenance routine fre-
quencies were based on the supplier’s preventive maintenance schedule, with patterns set to
precise intervals. Maintenance costs were determined based on the estimated labor and re-
quired workforce at a fixed hourly cost. Furthermore, the price of spare parts was included
for major maintenance tasks. The price of spare parts was estimated based on the request for
proposal (RFP) available at the time of writing this thesis. However, the RFP was ambiguous
and vague to interpret, making accurately allocating prices of the spare parts to individual
assets challenging. This observation is supported by Gokiene (2010), who recognizes that
maintenance costs constitute a significant proportion of an asset’s life cycle costs, although
these costs remain difficult to estimate due to their distribution over extended periods and
the influence of numerous variables. Due to these assumptions, maintenance costs are con-
sidered more of a budget reservation than actual realized maintenance costs. However, as

real maintenance data becomes available, the costs can be specified to reflect actuality.

The LCC models include a varied number of assets and maintenance routines (Table 3). As
demonstrated in Table 5, different operational scopes have been included in the LCC models
to enable comparison between the models and to find the most suitable model for the purifi-

cation plant application. The number of assets belonging to the system is shown in brackets.
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Table 5. Systems considered in the LCC models

System consid-
ered in the LCC
model

Cleaning (34)
Extraction (13)

Methanol purifi-
cation (47)
Purification (33) X X X X X

Renew Primary | PM limited Pri- | PM limited All | PM broad Pri- | PM broad All
Assets mary Assets Assets mary Assets Assets

Automation and
Instrumentation X X

@)
Electrification (1)

Fixed structures
@)

Other process
support equip- X X
ment (1)
Process piping

@)

The simplest model, Renew Primary Asset, includes merely asset renewals in its life cycle
profile. With the simplified model, major year-on-year and cumulative costs of the selected
primary asset renewal are identified. Adding to the previous model, PM limited Primary
Assets, includes major maintenance (16 routines) that were allocated to the selected primary
assets. With the model, maintenance costs incurred from maintenance routines, such as pe-
riodic inspections, annual maintenance, and overhauls, are identified. Expanding on the pre-
vious model, PM broad Primary Assets includes minor maintenance (28 routines), in addi-
tion to the major routines. Hence, PM broad Primary Assets includes all maintenance rou-
tines for primary assets that were in the supplier’s scheduled preventive maintenance pro-
gram. The creation of two LCC models that included a different scope of maintenance rou-
tines for the selected primary assets enabled comprehensive analysis, which was used to

distinguish costs from minor and major maintenance routines.

PM limited All Assets and PM broad All Assets models were developed by expanding the
primary asset models to include life cycle costs from both primary assets and grouped de
minimis assets. The models ensure comprehensive inclusion of all assets available in the
preventive maintenance schedule and their recommended maintenance tasks in the LCC

models at the time of this thesis While the PM broad All Assets LCC model includes all 24
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routines for grouped de minimis assets, PM limited All Assets LCC model was limited to 6
routines, that were selected based on their statutory requirements or significant cost impli-

cations, while maintaining economic feasibility.

5.2.4 Asset assessment

The developed LCC models can be evaluated in the asset LCC management support tool’s
asset assessment module, which offers functionalities for asset management decision mak-
ing. Matrices, as illustrated in Figure 5, are created in the support tool for LCCA. Currently,
VSS utilizes a 4x4 risk matrix that is aligned with the PSK 6800 standard. With future de-
velopment in mind, VSS has determined criticality based on a criticality score that enables
the introduction of a more detailed matrix in the future. Asset performance and obsolescence,
on the other hand, are evaluated by a four-step qualitative approach that is aligned with Ve-
olia’s approach. Figure 17 shows an example matrix from the support tool that can be used
to visualize the distribution of ARV across different criticalities and performance levels of

the selected assets.

Condition /

L Non Critical Normal Critical WVery Critical
Crticality i

Excellect

Acceptable

Non Acceptable

Unservizable /

Obsolete

Figure 17. Condition / Criticality matrix

Furthermore, the asset assessment module in the support tool enables the review of individ-
ual assets. In the review, users can obtain the most important data regarding the asset: service
life statistics, asset condition and performance, past interventions, asset-specific life cycle
profile, asset life tracking model, asset FMEA, major capital works, and most important

spares. The data can then be generated into an easily readable report that summarizes user-
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defined asset management parameters. Lastly, the user can set new asset specific plans to

balance asset costs, risks, and performance.
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6 Analysis

This chapter reviews the key findings of the developed LCC models. Furthermore, it ad-
dresses challenges and observations that relate to the methodology applied in the creation of
the LCC models in the asset LCC management support tool. These insights from the meth-
odology assessment, combined with the findings from the case study, help justify the most

suitable LCC model for the purification plant.

6.1 Analysis of the results

6.1.1 Annual and cumulative LCC models

One of the key findings from the LCC models was projected cost peaks, that could be iden-
tified throughout the assets’ service life. By identifying the cost peaks in a long-term predic-
tive LCC model, the organization can set appropriate budgets and justify investment well in
advance. Furthermore, the long-term LCC model increases cost-to-asset knowledge and pre-

dictability over the whole asset system.

The three key factors that influence asset renewal costs in the LCC models are: the number
of assets, their ARV, and mean service life. During the first 13 years of the purification
plant’s operation, maintenance routines constitute the majority of the annual costs. However,
renewal costs start to increase significantly after 14 years of service (Table 6), eventually
exceeding maintenance costs and reaching a peak value at 16 years of service. This peak
corresponds to the renewal of assets that have 15 years of service life. Thereafter, the renewal
costs start to temporarily decrease before rising again to a new maximum value at 20 years
of service, indicating that a noticeable number of assets have reached the end of their service

life.

Once the LCC models were developed, the projected annual costs of the models were ana-
lyzed to enable comparison between the models. As a result, a parallel pattern was identified

by comparing primary asset limited and broad LCC preventive maintenance models. The
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parallel pattern indicates that the broad model adds incremental minor maintenance routines
to the major routines included in the limited model. However, all asset limited and broad
LCC preventive maintenance models had more deviation due to the scope of the maintenance
routines included. As stated in subchapter 5.2.3, PM limited All Assets included six out of
twenty-four maintenance routines for grouped de minimis assets, excluding economically
unfeasible maintenance tasks resulting in divergent patterns. The divergence between the all
asset models was partly due to differences in control valve maintenance. In the broad model,
a worst-case scenario was assumed, where control valves are maintained every five years.
In contrast, the limited model only considers major valve maintenance after fifteen years of

service life, involving complete disassembly and replacement of wearing parts.

To quantify these differences and understand the long-term financial implications, the LCC
models were analyzed for their cumulative cost progression over time, with asset renewal
costs being equal across all models. The LCC models, when analyzed in an increasing order
of costs, show that the majority of the costs originate from asset renewals, which increase
rapidly after 14 years of service life. These cumulative renewal costs progressively surpass
cumulative maintenance costs: first exceeding the limited models at 15 years, then the broad

primary asset model at 16 years, and finally the broad all assets model at 17 years of service.

To better understand this cost progression, Table 6 presents the annual rate of change in life
cycle costs of the LCC models. In Table 6, the rate of change is tabulated after 8 years of
service, when the first renewal costs are estimated to be realized. The highest rate of change
occurs after 14 years of service for the LCC model Renew Primary Assets, and for other

LCC models other than PM broad All Assets, after 15 years of service.
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Rate of change
Service life —
Renew Pri- PM limited PM limited |[PM broad Pri-| PM broad All
Primary As-

mary Assets sets All Assets | mary Assets Assets
8 440 % 110 % 109 % 112 % 110 %
9 212 % 127 % 127 % 120 % 116 %
10 140 % 107 % 108 % 109 % 108 %
11 111 % 116 % 117 % 112 % 129 %
12 102 % 105 % 105 % 107 % 106 %
13 100 % 116 % 116 % 112 % 110 %
14 1890 % 132 % 131 % 122 % 115 %
15 422 % 178 % 175 % 151 % 137 %
16 210 % 161 % 174 % 136 % 145 %
17 139 % 131 % 128 % 128 % 121 %
18 111 % 109 % 108 % 109 % 107 %
19 110 % 109 % 108 % 109 % 107 %
20 125 % 125 % 118 % 118 % 115 %

Proportional preventive maintenance costs of different LCC models are presented in Table

7, in relation to the most simplified models: PM limited Primary Assets and Renew Primary

Assets. In comparison, cumulative costs of the simplified LCC models at 21 years of service

are indexed to be 1. Thereafter, cumulative costs of other LCC models are compared to the

indexed values to identify differences between the cost structures of the models. The key

finding from Table 7 is to identify that cumulative costs from minor and de minimis mainte-

nance routines, included in the broad LCC models, exceed major routines noticeably. Addi-

tionally, comparing cumulative maintenance costs to cumulative renewal costs provides use-

ful metrics for evaluating the different scopes of the LCC models.

Table 7. Comparison of cumulative maintenance costs of the LCC models

Proportion of cumulative mainte- | PM limited Pri- | PM limited All | PM broad Pri- | PM broad All
nance costs mary Assets Assets mary Assets Assets
SCec;;npared to PM limited Primary As- 100 % 126 % 180 % 276 %
Compared to Renew Primary Assets 23 % 29 % 42 % 64 %
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6.1.2 Individual primary assets

Based on an analysis of a more detailed cost profile of an individual primary asset in limited
and broad LCC models, it was identified that the proportion of cumulative maintenance costs
throughout the asset service life against ARV varies. For instance, for a fan, cumulative
preventive maintenance may equal a fair half of the ARV at 20 years of service life. In con-
trast, a compressor’s preventive maintenance costs may exceed ARV at the late-stage of its
estimated useful service life in the limited LCC model and in the early-stage in the broad

LCC model.

Considering the differences between the two assets, several factors warrant attention. First,
ARV may not be completely accurate, and thus, may provide erroneous information from
the model. Furthermore, the two assets have different maintenance routines. Considering the
compressor whose maintenance routines originate from detailed operation and maintenance
manual (O&M), the costs derive from a time-consuming preventive maintenance schedule
that includes frequent condition monitoring and major yearly maintenance. In contrast, the
fan has major general overhaul quadrennially and otherwise requires only maintenance rou-

tines that do not require extensive labor or time commitment.

When comparing the two assets, the costs of compressor minor maintenance routines accu-
mulate noticeably in the broad LCC model in comparison to major maintenance routines.
This observation raises the discussion on which costs should be allocated to the assets in the
LCC model. Main categories in an asset LCC model include the following costs: operational
maintenance; quality; logistics and outsourcing; environmental; asset management; research
and development; and other costs such as tools and training (Sinkkonen 2015, 43). Further-
more, Sinkkonen et al. recognize that maintenance costs outweigh the life cycle costs (Sink-
konen et al. 2014). The LCC models in the asset LCC management support tool incorporate
only renewal costs, which are equal to asset ARV, and the cost of selected maintenance

routines that are presented in the preventive maintenance schedule.

Referring to the previous observation, the following examples illustrate the justification for
including different types of maintenance routines in the LCC models. When an operator’s
labor is aggregated to the asset, it increases cost-to-asset knowledge and enables more pre-

cise asset management by allocating operator’s work input to create more optimal added
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value. Conversely, if the operator’s labor from condition monitoring is aggregated to the
asset, illogical costs may accumulate over the asset. For instance, the company’s costs to
maintain the operator remain constant regardless of what maintenance work is performed by
the operator. Therefore, the costs to maintain the operator are suggested to be more of a
system-level cost rather than asset-specific cost. Consequently, this raises a new question
whether costs of maintenance tools, minor condition-based maintenance, and personnel
training should be included to the asset, and what added value would such inclusion bring to

the LCC model of the asset?

6.1.3 Annual labor

Another key metric that can be derived from the data used in the LCC models is estimated
annual labor. Estimated annual labor is a useful metric for determining the feasibility of
maintenance considering the availability target of the purification plant. Furthermore, the
requirements of outsourcing can be discussed by disaggregating internal labor from exter-
nal services. Regarding the annual labor, it was identified that service hours have similar
behavior to annual maintenance costs, which is a result of minor proportional costs of

spare parts in the overall costs of preventive maintenance routines.

6.1.4 Asset assessment matrix

Asset assessment matrix provides a standardized tool to support decision-making processes
and enhances transparency in asset management. The thesis establishes matrix formation, as
in Figure 17, showing both the ARV and quantity of assets, categorized by their criticality
and condition. The visualization provides useful information on the economic risk exposure
of the physical asset register included in the asset LCC management support tool, particu-
larly when justifying CAPEX investments. When critical assets show increased economic
risk due to deterioration, the matrix highlights aggregated ARV associated with the eco-
nomic risk, enabling appropriate response strategies. Furthermore, the asset assessment ma-
trix assists in reviewing and prioritizing maintenance routines to maintain tolerable risk lev-

els.
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6.2 Methodological analysis of the LCC models

6.2.1 Asset register

This subchapter discusses observations and deficiencies identified during the creation of the
LCC models in the asset LCC management support tool. Fundamentally, the LCC models
predict costs and thus require precise cost data for accurate forecasting. However, as dis-
cussed in chapter 5, identifying and allocating accurate ARV to the assets proved to be chal-
lenging. The ARV was used to encompass all costs from procurement through disposal of
the asset. However, due to indeterminate cost data, this assumption may contain moderate
errors. Moreover, the methodology to guess or allocate the ARV proportionally was prone
to include errors in the LCC models. Additionally, vague estimation of ARV disregards the

effects of process changes and procurement of new assets, change of suppliers, and inflation.

One of the key findings demonstrated from the empirical case study was to acknowledge
that cost data, including accurate ARV, should be identified and monitored accurately.
Therefore, if process changes are made retrospectively, the organization is suggested to
gather the cost data that can then be imported to the support tool for more accurate LCC
models. As for the inflation, the model faces two issues: the price of maintenance work is
probably not fixed for the whole asset’s service life, nor does the model incorporate dis-
counting to provide net present value (NPV) in the LCC models. Nevertheless, these defi-
ciencies can be reviewed by updating the realized cost data iteratively in the support tool and
by reviewing the costs with discounting in the asset decision-making processes. Iteratively
updating the LCC models is particularly important to enable comparison between realized

and budgeted cost data (Lindholm and Suomala 2007).

When analyzing the ARV, an equally important observation relates to the assets that are
included in the support tool’s physical asset register. The methodology of the thesis was to
include assets that were responsible for noticeable CAPEX or OPEX during the plant’s ser-
vice life. In the case study, the majority of assets included in the physical asset register were
individual primary assets (127). In addition, two LCC models included grouped de minimis

assets (4) to broaden the LCC model to cover all expenditures available on the supplier’s
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price breakdown list. The strength of this methodology is the limited asset register that in-
cludes majority of the costs in the system. However, by combining individual assets to a
general asset, the level of detail in the model decreases. For instance, if a general asset in-
cludes varying automation and instrumentation equipment, renewal costs of grouped de min-
imis assets cannot be distinguished within the general asset. Another method worth review-
ing would have been to include asset systems instead of individual primary assets whenever
viable data would have been available. For instance, considering a pump system, its associ-
ated sub assets such as motors and instruments could be consolidated into a single asset
entity, rather than treating them as a pump and a general asset that includes all motors and
instruments in the plant. By this approach, system-based costs could have been better under-
stood in the LCC models. However, these alternative methodologies yield similar results in

terms of cumulative costs.

The next issue in the support tool is related to the asset types in the physical asset register.
In the support tool, cost profiles are available for examination by asset types, which enables
more detailed review. The asset types were chosen from Veolia’s global asset type register,
which aims to standardize asset types within the organization. However, at the writing of
this thesis, the global asset type register does not include all sufficient specific asset types
for the purification plant’s operation. For instance, instrumentation and automation equip-
ment have been combined in the support tool to form a general grouped de minimis asset,
which does not align with Veolia’s general asset type register. Therefore, it is suggested that

the global asset type register should be updated to include the required asset types.

As discussed in chapter 5, determining criticality and condition of grouped de minimis assets
proved to be challenging, particularly for assets that were out of line of sight. Furthermore,
while assets conditions in the physical asset register should be updated on set intervals, based
on the latest CMMS evaluation of asset conditions, it is recognized that this approach does
not effectively apply to group de minimis assets. Therefore, further research is suggested to
determine the most appropriate practice for condition and criticality assessment of grouped

de minimis assets.
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6.2.2 LCC models

In the thesis, the LCC models included solely renewal and preventive maintenance costs.
Nonetheless, the methodology for incorporating asset renewal into a completely new asset
in the asset LCC management support tool has yet to be adapted. At the time of writing the
thesis, three methods have been identified: either replacing old asset ID with the new asset
ID, preserving the old asset ID and adding the new asset ID, or maintaining the old asset ID
and adding the new asset as a refurbishment cost. In the future, as more data is available,
selected corrective maintenance costs can be included in the LCC models, in addition to
refurbishment costs that were excluded from the scope of the thesis. Regarding refurbish-
ment costs, it was observed that there were limited academic studies regarding the subject.
Therefore, it is suggested that it could be studied to identify a set percentage of refurbishment
costs in proportion to the asset’s ARV in the chemical process industry. By applying a set
studied percentage, refurbishment costs could be easily adopted and assessed in the support

tool.

The key factor in determining the accuracy of the LCC models was precise estimates of an
asset’s mean useful life, in addition to cumulative maintenance costs and ARV. However,
references used in estimating the mean expected life were contradictory with one another
and included a large margin of error that was dependent on the operational context of the
asset. The margin of error is indicated in cases where a tank, for instance, contains either
highly corrosive acids or makeup water, even though it is considered to have the same mean
useful lifetime in the LCC model. In the thesis, if the asset had significant variation in the
reference materials, lower estimated life expectancy was used. Hence, further research
should examine the effects of operating conditions of an asset’s mean useful life in the chem-

ical process industry.

Consequently, it was observed that lower life expectancy increased cumulative costs of asset
ownership. As for grouped de minimis assets, determining the mean life expectancy proved
to be challenging in the support tool. By combining a group of assets into a new asset, re-
newal costs of the singular assets in the group were cumulated for the end of the grouped
asset’s service life. Upon review, it was observed that this methodology has a few deficien-
cies. First, it was noted that by grouping varying assets, such as instruments and automation

equipment, accurate renewal costs were disregarded. For example, if instruments are run
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with RTF principle, the costs of the renewed instruments are cumulated at the end of asset’s
service life, even though they would be renewed more than once in the asset’s service life.
On the contrary, some assets, such as fixed structures, don’t have reasonable renewals during
the asset’s service life, and thus, could be overlooked from the LCC model which is not

possible in the support tool.

Despite these methodological challenges, the key strength of the LCC model is to provide a
better understanding of the long-term cost structure of the asset, to understand where the
costs originate from, and what added value the costs bring to the asset. In relevant academic
literature (Sinkkonen 2015), (Hegazy and Saad 2015), (Ochella et al. 2021), cost-benefit
analysis is recognized as an important tool to understand the added value in decision-making
process. For instance, cost-benefit analysis can estimate how much the asset’s condition im-
proves in relation to costs if the asset is either renewed or refurbished. In the support tool,
the LCC models project LCC estimates that can be used in asset decision-making processes.
The developed LCC models for the case study consider analysis only with backward-looking
approach: by examining how costs relate to improvements in asset condition grade and sub-
sequent reduction in economic risk exposure of the ARV. Therefore, it is not clearly indi-
cated in the developed LCC models and analysis how much the costs of renewal, refurbish-

ment or maintenance benefit the asset beforehand.

Sinkkonen (2015, 61) suggests that asset might be over-maintained in relation to assets’ life
cycle profits, which at the writing time of the thesis, is not possible to review with the models
created in the support tool. Currently, the models identify only costs associated with correc-
tive and preventive maintenance, which can be used to evaluate the state of asset mainte-
nance. In the future, as more data is available, different scenarios could be incorporated into
the support tool. These scenarios would review failure costs and assess risk levels and failure
probabilities, helping to analyze the necessity and costs of critical spare parts to mitigate

various failure modes.

The benefits of the costs could be measured by comparing maintenance costs to maintenance
losses, such as lost production due to down time, or alternatively, by comparing the differ-
ence between maintenance profits, (i.e. received cost savings) and costs (Sinkkonen et al.
2016; Sinkkonen 2015, 46, 58, 66). Furthermore, when examining asset renewals in a com-

plex system, Hegazy and Saad (2015) have studied the microeconomic principle of equi-
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marginal utility that could be considered in the cost-benefit analysis to evaluate optimum
renewal strategy. In short, their methodology would be to create varying asset categories and
allocate benefits (i.e. condition improvement) and costs (i.e. renewal cost) for assets in the
category. Then the available long-term budget could be allocated for the asset categories by
fair and equitable cost-utility per euro. By this approach, basic microeconomic principles of
price optimum would be achieved by the equitabilities of price, marginal cost and marginal

revenue. (Hegazy and Saad 2015).

As previously discussed, the support tool requires cost data to produce LCC models. How-
ever, in the LCC models, the cost data is not properly normalized, which can lead to an
increase in error. This issue is highlighted when the data originates from different sources,
currencies, and time periods that should be reconciled and discounted to equalize the data.
(Swarr et al. 2011). For instance, if there are multiple pump suppliers, the price of a spare
part gasket may vary depending on the supplier and the date when it was procured. Addi-
tionally, if the cost of spare parts is included in the support tool, calculation of inventory
value should be evaluated in more detail, specifically considering factors such as emergency
replacements, which are typically more expensive than normal preventive maintenance (van

Horenbeek et al. 2012).

6.2.3 Maintenance

As a general observation, it should be verified that the CMMS includes all necessary assets
on the site. Once affirmed, maintenance routines from the preventive maintenance schedule
should be reviewed up to date. At the time of this thesis, the schedule is still under evaluation
and does not include all required maintenance routines. Furthermore, it remains unclear at
what level of availability the preventive maintenance schedule aims to achieve. Hence, fur-
ther research is needed to quantify the relationship between maintenance and system avail-

ability.

The methodology to construct the maintenance routines from the scheduled preventive
maintenance proved to have a few deficiencies. First, it does not consider redundancy of the
system. Therefore, maintenance routines may be applied on an asset, even though the asset

is on standby. Additionally, it was observed that some maintenance routines inevitably
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overlap with others, resulting in minor errors in the methodology. For example, weekly
maintenance routines could be logically included in monthly maintenance routines for the
same asset, which would reduce the overall workload. This issue becomes more significant
when assets have multiple recurring maintenance routines that require preparatory work. For
instance, considering a tank that must be drained before each inspection, separate mainte-

nance routines would require repeated draining of the tank.

Closely related, interval and time estimates of particular maintenance routines may include
additional errors in the LCC modeling. To demonstrate, the purification plant includes tanks
that contain corrosive acids or makeup water; however, in the asset LCC management sup-
port tool, the maintenance routines of these tanks are equal. Albeit tanks that contain corro-
sive acids may require a higher frequency inspection schedule and longer safety clearance

time after a drainage.

Furthermore, a large number of maintenance routines were found to originate from OEM
manuals, which may not be the most optimum approach to asset maintenance. However, as
the two-year guarantee period concludes, preventive maintenance routines may be iteratively
reviewed for improved feasibility. Moreover, it was observed that the preventive schedule
excluded essential auxiliary maintenance tasks, such as scaffolding or insulation, which may
accumulate noticeable costs and increase maintenance duration. Additionally, designated
valves had contingency maintenance budget reservations that proved challenging to model
in the support tool. Currently, the support tool does not enable periodic condition-based
maintenance routines, where maintenance is performed based on regular condition assess-
ment. For instance, a valve that undergoes quinquennial inspection would only receive
maintenance if it has deteriorated below acceptable levels. This capability could be a valua-

ble add-on to the LCC model.

As formerly stated, spare parts were only included for major maintenance routines if suffi-
cient data were available in the RFP. The methodology of including spare part costs to
maintenance costs makes the LCC model more accurate. However, concerns regarding the
inventory valuation and the allocation of spare part costs to specific assets raise issues. In
the thesis methodology, spare parts costs were equally distributed among the assets requiring
the components. However, this was problematic as the number of general spare parts was

fewer than the number of assets requiring the parts. For instance, considering the tank’s spart
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parts, a single sight glass could have been bought as a spare for several tanks of similar sizes.
First, this methodology proves inadequate in asset-specific LCCA. Specifically, if the costs
of general spare parts are accumulated over the group of assets equally, the methodology
fails to distinguish varying maintenance frequencies between the assets. Moreover, accurate
spare part cost data is challenging to acquire due to vague price estimates in the RFP and
varying required quantities of inventory. In the future, as more precise data is available, spare
part costs can be revised and broadened to include minor maintenance routines in the support

tool if necessary.

Another observation regarding maintenance routines related to simplifying and grouping in-
dividual maintenance practices from the scheduled preventive maintenance to routines in the
support tool. By simplifying and grouping maintenance tasks into routines, creation of
maintenance routine library was more efficient to develop and more reasonable to integrate
in the support tool. However, when maintenance routines are grouped rather than created
individually, the annual maintenance costs become distorted. As exemplified by compressor
maintenance that includes annual, biannual, triennial and quinquennial maintenance grouped
and simplified to a single quinquennial maintenance routine is less accurate annually in com-
parison to a model that would include all four routines individually. In contrast, for some
assets, such as ones that require ATEX inspections, it is reasonable to schedule maintenance
using a staggered approach to optimize maintenance load and minimize required downtime.
Nonetheless, the distinction between the two methodologies proves trivial in practice, as

cumulative costs are only marginally affected by the simplification approach.

6.3 Justified LCC model for the case mill bio-methanol purification plant

Based on the analysis and noted observations in creation of the LCC models, a suggested
model for the purification plant is PM limited All Assets. The selection of the model is justi-
fied by inclusion of all assets in the physical asset register. It includes paramount renewals,
major preventive maintenance routines, and statutory inspections. Hence, the most noticea-
ble costs of individual primary assets and grouped de minimis assets can be projected for the
asset’s service life to increase cost-to-asset knowledge and enhance asset decision-making

processes. It was recognized from the thesis that grouped de minimis assets accumulate
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noticeable costs that are beneficial to identify. In the future, as more cost data is available,
the model can be specified to include more precise cost of spare parts, selected costs of
corrective maintenance and refurbishment costs. Furthermore, maintenance routines imple-
mented in the CMMS could be updated to the asset LCC management support tool, and in
the future, an LCC model could be developed that focuses solely on these CMMS-incorpo-

rated maintenance routines to enable more precise cost modeling.

Compared to the PM broad All Assets LCC model, the selected LCC model excludes two
types of routines from the preventive maintenance schedule: operator condition monitoring
routines and minor maintenance costs associated with de minimis and primary assets. Minor
maintenance routines are disregarded due to their insignificance compared to costs from ma-
jor maintenance routines. Additionally, condition monitoring routines are excluded from the
chosen model since they are classified as system-level costs rather than asset-specific costs.
As VSS is the owner of the purification plant, the operator’s condition monitoring is not a
service that is invoiced to the customer. However, at sites where VSS provides contractual
O&M services, the costs of operator condition monitoring could be justified. For instance,
if the customer required more frequent condition monitoring routines, it would require hiring
additional operators, which would increase maintenance costs. Thereby, it could be useful

to distinguish and identify the costs of operator maintenance routines in the LCC models.

Subsequently, if a more accurate LCC model is required for the purification plant, a broader
scope of maintenance routines could be incorporated into the model. By creating a comple-
mentary LCC model, the organization’s maintenance costs, including the costs of condition
monitoring and minor maintenance, could be included in the LCC model to enable more

accurate review of costs of asset ownership.
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7  Analysis of the support tool in VSS implementation

This chapter reviews the asset LCC management support tool’s applicability to VSS to en-
hance asset management decision making. Furthermore, the support tool’s benefits, limita-
tions, and potential improvements are analyzed in detail. Finally, recommendations are pro-

vided for VSS to utilize the support tool to its highest potential.

7.1  Benefits of the support tool in VSS implementation

Based on earlier findings, the asset LCC management support tool provides a standardized
LCC system to integrate asset management decision-making processes into the organization.
Moreover, the support tool has been identified in the ISO 55001 standard GAP analysis
(good, average, poor analysis) to provide a systematic planning tool for asset LCC manage-
ment decision-making processes. By adopting the support tool, VSS will increase its
knowledge of the asset’s cost structure to understand the origin of costs and what added
value the costs contribute to the asset, which is valuable information in asset decision mak-
ing. Furthermore, the support tool enables VSS to project asset costs that can be used as a
selling point to win more contracts by more accurate pricing models and budgeting. Advan-
tageously, deployment of the support tool entails minimal costs to VSS and is backed by
Veolia’s technical support resources. In contrast, without adopting the support tool, VSS
would have limited standardized alternatives to asset LCC modeling and analysis. Following
the methodology from the thesis, the LCC models could be developed in Excel, albeit re-
quiring greater resources and resulting in reduced capabilities in data analysis and reporting
modules. Subsequently, maintaining updated Excel spreadsheets would be difficult in com-
plex systems, especially if life cycle costing is adopted for various sites. Therefore, one of
the key strengths of the support tool is its standardized approach to LCC modeling and anal-

ysis, which are aligned with Veolia’s business strategy.

As established earlier, LCC models provide essential information to justify and project
CAPEX and OPEX for asset ownership. At the time of writing this thesis, VSS does not

follow life cycle costs of assets systematically, though such monitoring would be beneficial
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particularly in O&M contracts, where VSS must justify procurement of asset renewals or
refurbishments to its clients. Furthermore, iterative LCC models enable monitoring of pro-
jected and historical costs, displayed as either accumulated total costs or year-on-year costs.
Analysis of accumulated asset expenditures provides a more precise evaluation of procure-
ment, maintenance, operation, and disposal costs associated with the asset ownership (Sink-
konen 2015, 30). Additionally, the LCC model highlights projected cost peaks that indicate
labor-intensive periods, providing valuable insights for plants with limited system redun-

dancy and dependency on maintenance overhauls.

Extending internal cost management benefits, the LCC model provides valuable support
during the contractual stage by projecting the asset’s cost profile. As the support tool is
adapted to increasing numbers of various sites, cost-to-asset knowledge is broadened, and
more accurate LCC models in different operating conditions can be developed, which
strengthens their credibility. Furthermore, knowledge of assets’ life cycle across different
operating conditions helps to reduce uncertainty when determining the mean service life of
the assets, which varies considerably as presented in Table 4. Additionally, replicating a
plant with an existing LCC model provides valuable cost data on the asset, which can be
used in the contractual stage to win and negotiate more beneficial contracts. For instance, in
the O&M service contract tender, VSS can differentiate itself from its competitors by offer-
ing a fixed cost O&M service instead of variable-cost contracts, which is justified by an
accurate LCC model and tolerable economic risk exposure. Moreover, the support tool
broadens VSS’s supply of contractual service portfolios. With the support tool, VSS can
enhance its asset management services by providing a forward-looking LCC model and jus-
tified asset management plans, including key asset maintenance plans, to achieve tolerable

risks at minimal costs.

Given these critical observations, the support tool offers a comprehensive LCC system to
enhance transparency in asset management decision making by justifying CAPEX invest-
ments based on asset criticality, costs, and condition, while enabling more accurate budget-
ing and enhanced understanding of cost-to-asset knowledge. Furthermore, the support tool
advances VSS’s asset management KPIs, including maturity level of the maintenance plan
and performance monitoring of actual versus budgeted CAPEX. In parallel, the support tool
demonstrates cost-effectiveness of asset maintenance by providing proportional costs of

maintenance expenditures in relation to ARV, which is a lagging maintenance KPI (Kumar
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et al. 2013). Moreover, the support tool provides an LCC system that visualizes economic
risk exposures of assets in a standardized matrix format. To conclude, one of the key
strengths of the support tool, when considering asset management decision making, is to
generate reports that provide a holistic overview of the asset’s key operational metrics and

current state.

7.2 Limitations of the support tool in VSS implementation

Adopting the asset LCC management support tool presents several considerations for both
existing plants operated or owned by VSS, as well as future plant takeovers. First, the data
requirements must be met in the support tool implementation: precise cost data must be
available, and the physical asset register completed and critically assessed. However, during
a plant takeover several issues may arise: the plant’s physical asset register may be incom-
plete in the CMMS, historical maintenance data may not be available, and asset documenta-
tion may be superficial. These gaps indicate unknown maintenance debt and make cost data

too vague and ambiguous to effectively interpret in the support tool.

Regarding the takeover and asset renewals, Ochella et al. (2021) have observed that asset
renewals are necessitated by four aspects: required repairs, technically obsolete assets, assets
that have incomplete maintenance history or assets whose condition cannot be determined.
Within the support tool, estimating a mean service life for assets that are inaccessible and
whose condition is non-assessable presents significant challenges and incorporates substan-
tial margin of error in the assets’ LCC profiles. Consequently, adopting the support tool in
an operating plant may require different methods in addition to the ones conducted in this
thesis. For instance, if the physical asset register is broad and contains assets with incomplete
data, an accurate model including independent assets may be problematic to develop. There-
fore, the system’s scope may need to be streamlined to include asset groups, rather than
individual assets, which respectively reduces accuracy and complicates the assessment of

asset criticality and condition.

One of the disadvantages of the support tool is its limitation on what costs are imported to
the system. At the writing of the thesis, the support tool is not capable of categorizing mainte-

nance routines into minor, major, and system-level costs. As a result, unidentified system-
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level costs may be incorrectly allocated to the assets, distorting the cost of asset ownership
and undermining the support tool’s credibility by providing irrelevant asset-related costs for
asset management decision making. To address this issue, the tool could be enhanced to
distinguish between statutory maintenance costs and standard required maintenance ex-
penses. This cost categorization would enable the analysis of valuable maintenance cost in-

dicators, such as the ratio of statutory maintenance costs to total maintenance costs.

Beyond cost categorization issues, the support tool also has operational limitations that affect
maintenance planning and execution. Although maintenance periodization is an established
practice in plant operations, the support tool is unable to provide this feature. By periodizing
maintenance routines, repeatable statutory maintenance routines or redundant equipment
maintenance are evenly distributed over the inspection period, resulting in reduced down-
times, more balanced yearly costs, and more accurate equipment wear monitoring intervals.
Furthermore, in a complex and redundant system, modeling precise annual costs for load-
shared assets is currently intractable in the support tool due to lack of this feature. Neverthe-

less, cumulative costs remain trackable in the system.

The support tool also faces strategic limitations that affect its long-term planning capabili-
ties. Notwithstanding that the support tool is forward-oriented, it has several limitations.
First, it cannot predict asset cost-benefits without conducting extensive failure mode and
effects analysis to evaluate different scenarios and risk probabilities. Second, the LCC
model’s cost-benefit analysis relies on a retrospective approach to evaluate the improve-
ments in asset condition after maintenance. Additionally, while the asset assessment matrix
aids in asset decision-making based on the current condition grade and criticality, the support
tool lacks the capabilities to identify over-maintenance, a critical factor for achieving cost-
effective maintenance. However, the support tool remains a good available option, as VSS
has not yet identified alternative asset management support tools that could develop more

systematic asset LCC models that enhance decision-making processes.

7.3 Evaluating the support tool’s applicability to VSS

Based on previous discussion, the asset LCC management support tool is suggested to be

applicable to VSS to enhance asset management. In addition to the development of a
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technical asset-specific LCC model, the support tool helps VSS to improve its data collection
and life cycle management that benefits asset management. The support tool enables adop-
tion of more holistic asset management that evolves from cost-centered asset maintenance
towards a cost-to-asset perspective. By identifying detailed costs of asset ownership, VSS
can advance asset management decision making, and adaptation of ISO 55001 standard re-

quirements.

Furthermore, the support tool provides a propitious LCC system for promoting Veolia’s
GreenUp 2024-2027 strategy, which recognizes the value of justified decision making in
CAPEX investments. To support these objectives, VSS has identified the benefits of adopt-
ing LCC modeling and assessment into the organization, and hence, has started to lay ground
on actions to support the process. These actions include developing the CMMS for future
asset management capabilities, implementing standardized asset criticality assessment
through PSK 6800, assessing asset condition with Veolia’s four-point assessment scale,
identifying the value of cost data, and recognizing the importance of preventive maintenance

schedules.

To use the support tool to its full potential, VSS should apply the methodology presented in
Figure 18, which adapts the core principles of LCC modeling from the ISO 15663 standard.
Initially, the ISO 55000 standard series-compliant asset management system and asset con-
text should be acknowledged and adapted to the site, which helps determine the scope of
LCC modeling and analysis. Subsequently, the physical asset register, which includes ARV,
asset criticality, condition, and other relevant specifications, is incorporated into the support
tool. The empirical study suggests prioritization of assets that accumulate noticeable life
cycle costs throughout their service life. Thereafter, preventive maintenance library routines
are established in the support tool according to a preventive maintenance schedule. Subse-
quently, the initial LCC model is developed for physical assets that include renewal and
preventive maintenance costs. The results from the LCC model are reviewed in asset deci-
sion making process in holistic asset-specific reports with proper discounting and factoring

in uncertainties.
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After the initial LCC model is developed, the model is iteratively improved for increased

accuracy. It is suggested that the LCC model should be revised and iteratively improved, at

least annually. Thus, updated asset data, for instance, current condition and historical costs,

are allocated to the assets, ensuring that the LCC model reflects operational reality. To im-

prove the model, Veolia has to establish standardized methodologies to conduct FMEA,

FMECA, and RCM analysis, which are used to optimize asset maintenance, identify critical

spare parts, and realize benefits of asset management activities. Furthermore, criticality

scores can be incorporated in more detail into the asset assessment matrix to advance more

detailed asset assessment.
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7.4  Observations to develop the support tool

This subchapter identifies areas for improvement in the asset LCC management support tool.
Currently, the support tool does not clearly allow the user to present asset management con-
text, which would be a useful feature, especially if there are multiple users and numerous
sites with varying operational contexts. This feature could strengthen the reliability of the
LCC model in the support tool and justify the selection of assets imported to the system from

the physical asset register.

Regarding the functionality of the system, it was identified that currently the support tool is
not capable of processing maintenance routines that are conditional. For instance, the fol-
lowing feature could be useful: once the historical maintenance data is uploaded to the sys-
tem, the user could review the asset and determine systematic maintenance routines from the
current condition grade of the asset. To demonstrate, if the asset was in good condition,
maintenance routines would be postponed automatically, and on the contrary, if the asset has
deteriorated, the maintenance routines would be advanced. While currently, adjustments on
maintenance routines in the support tool are feasible at an individual asset level, implement-

ing automated scheduling would enhance the system’s operational efficiency.

Currently, the costs of preventive maintenance routines are implemented manually, even
though all required data has already been imported to the system regarding service and labor
costs. Therefore, it is suggested that a better alternative would be to have users input the
hourly service rate, allowing the system to automatically calculate service costs by multiply-
ing the number of required personnel, estimated service hours, and the hourly rate. This
methodology would be more suitable for estimating the costs, as required personnel and
estimated service hours are currently included in the maintenance routines. Furthermore, by
differentiating the costs of internal and external services as a fixed hourly cost, the compar-
ison of outsourced and internal services would be facilitated. Sinkkonen et al. (2016) have
recognized that external maintenance service is justified if it can provide higher value than
internal service. Hereby, the support tool could be utilized in asset decision making to justify

the benefits of internal or external maintenance.

Closely related, a feature that allows the user to specify if the maintenance routine is system-

level would facilitate distinguishing asset-specific maintenance costs from system-level
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costs in the LCC model. Furthermore, a feature that categorizes maintenance routines to
either minor, major, statutory, or standard required would be beneficial in asset assessment
and reporting. At present, the maintenance routines could be distinguished from one another

by naming the maintenance routines differently, which is suboptimal methodology.

In the future, as more maintenance data becomes available from diverse operational condi-
tions, the benefits of asset maintenance could be incorporated into the support tool. To
demonstrate, cost-effectiveness of asset maintenance could be monitored in the support tool
by assessing the change in asset condition over selected timeframes in relation to cumulative
maintenance costs. This methodology would generate quantifiable data regarding the
maintenance investment required to achieve asset condition improvements between defined
condition grades. Subsequently, this data could be leveraged to optimize maintenance costs

to reach desired availability targets.

In terms of the support tool’s capabilities, it was identified that the selection of an exact
operational starting date instead of a starting year would be a more advantageous feature
considering the LCC model. Currently, the support tool sets the beginning of the LCC model
start date to the beginning of the calendar year, which is a suboptimal start date if the plant
starts to operate mid-year. This mismatch between the start dates results in minor errors in
the LCC model. However, it is noteworthy that prior to the operational starting date the
equipment undergoes testing with hot and cold water runs, which accumulates marginal run-

ning hours.

Another useful functionality in the support tool would be the ability to review different LCC
models in the asset assessment module. At the writing of the thesis, the asset assessment
module is restricted to reviewing only the latest LCC model, which is suboptimal if more
than one LCC model has been developed for the plant application. It was observed that hav-
ing the option to select the LCC model for asset assessment module would be advantageous
functionality to enable comparison between different LCC models that include varying scope
of assets and maintenance routines. This option would be particularly useful when compar-
ing LCC models with diverse asset quantities and varying maintenance routine scopes, for

instance, minor and major versus exclusive major maintenance routines.

In terms of reporting in the support tool, a feature that enables location of the largest asset

expenditures, for instance, the highest maintenance costs in relation to ARV or highest
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annual repair costs could be useful metric in asset assessment. Regarding VSS, these highest-
ranking expenditures are to be monitored in asset management KPIs in the data visualization

support tool.

Related to expenditures, a financial module that enables discounting is currently absent from
the asset LCC management support tool. The module would allow the user to calculate dis-
counted cumulative costs of asset ownership. Additionally, the module could include fea-
tures that would enable financial comparison of asset management activities with different
interest rates, currencies, or labor costs. The module could be used to project CAPEX in-
vestments with varying internal rates of return (IRR) to present the profitability of the in-
vestments. Furthermore, the module could enable the user to plot financial figures in the
asset LCC management support tool that would display cost structures of asset maintenance,
renewals, and refurbishments with varying interest rates and labor costs. The financial cost
data could be valuable in the future by confirming VSS’s capabilities to project accurately

cumulative costs of asset ownership.
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8  Conclusions

While VSS has identified the value of asset cost data, asset-specific expenditures have not
been systematically monitored for individual assets. This gap provided motivation for this
thesis. Hence, the key research objective of the thesis was to develop an LCC model for the
case mill bio-methanol purification plant to enhance asset management decision making by
increasing cost-to-asset knowledge. Furthermore, life cycle cost management was identified
to advance asset management at operational, tactical, and strategic levels, enabling VSS to
increase its operational effectiveness and provide better value for its stakeholders. By adopt-
ing LCC management as a core practice of asset management, VSS could strengthen its

asset-related decision making based on individual assets’ costs, risks, and performance.

The LCC models were developed using Veolia’s internal asset LCC management support
tool which was evaluated for its suitability in providing enhanced asset decision making, its
potential contribution to VSS’s ISO 55000 series certification, and its effectiveness in intro-
ducing systematic LCC modeling and analysis. The LCC models were limited to the case
mill bio-methanol purification plant and the available data at the time of the thesis. As men-
tioned in chapter 4, the case mill bio-methanol purification plant was commissioned by VSS
as an EPC project, which has not yet been finalized. Therefore, the preventive maintenance
schedule incorporated in the LCC models was incomplete. Furthermore, in the LCC models,
refurbishment and historical costs are excluded due to data constraints. Moreover, vague and
ambiguous estimates of ARV, indeterminate maintenance and spare part costs, and omitted
discounting introduced moderate errors in the LCC models. However, these limitations do
not affect the research objectives of the thesis, as they primarily impact the accuracy of the

model rather than the evaluation of the implementation value of the LCC modeling.

In academic literature, the value of LCC modeling and assessment has been recognized by
Sinkkonen et al. (2016), Mah et al. (2018), Hastings (2021), Anon (2022), Muthu (2023),
Inal et al. (2025) and other researchers. Sinkkonen et al. (2016) observed that LCC models
in academic studies may be case-specific, even though they have comparable characteristics.
Regarding this thesis, the internal asset LCC management support tool was found to be suit-

able for VSS to develop standardized LCC models and to enhance asset decision making.



79

Fundamentals of the LCC models developed with the support tool are aligned with method-
ologies presented in ISO 15663 standard. Additionally, the tool enables comprehensive vis-
ualization of asset performance and criticality using VSS’s established assessment scales.
While the tool’s immediate financial benefits are challenging to quantify, its value lies in
enabling standardized, context-aware decision making through comprehensive asset LCC
modeling and assessment capabilities. Based on these findings, implementation of the sup-
port tool with the methodology presented in the thesis (Figures 13 and 28) would address

several key organizational needs.

Given that LCC management was identified as a deficiency in the GAP analysis, and con-
sidering its potential benefits, VSS should incorporate life cycle costing into asset manage-
ment to support achieving ISO 55000 series certification. The results demonstrate that sys-
tematic LCC modeling and assessment benefit VSS by revealing previously unknown asset-
specific economic risk exposure and long-term asset cost profiles Additionally, by incorpo-
rating life cycle costing into asset management, VSS enhances its capabilities in justifying
asset decision making by providing more advanced technical and financial judgment. The
LCC models developed in this thesis provide valuable insight into cumulative and annual
ownership costs, which is especially useful in taking over new sites like the case mill bio-
methanol purification plant. Furthermore, the comparison of varying LCC models enabled
two key insights: first the identification of systematic versus asset-specific costs, which are
noteworthy to recognize depending on the operational context; and second, the assessment
of costs and labor intensity associated with varying scope of maintenance routines and phys-

ical assets included.

The thesis demonstrated the value of required cost data collection and resulting LCC models
and asset assessment that support asset management decision making. A key finding of the
thesis was that the developed LCC methodology effectively captured all relevant costs
within the complex industrial process and broad physical asset register. Furthermore, the
methodology implemented in the thesis incorporated de minimis assets into the LCC model
successfully, which was initially recognized as challenging. Notably, this thesis identifies a
research gap regarding the assessment of grouped de minimis assets’ performance, costs,
and criticality. While these findings demonstrate the methodology’s effectiveness, they also

highlight several areas requiring further investigation.
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Four main categories of research gaps were identified in this thesis: LCC model adaptation
and optimization, data quality and availability, benefits of maintenance activities and renew-
als, and de minimis asset management. Relating to the LCC model adaptation and optimiza-
tion, future research is needed to develop scalable LCC models that can be efficiently im-
plemented across different operational environments while providing substantial value to the
organization. For instance, the cost-benefit analysis of integrating FMEA into the LCC mod-
els requires examination for its added benefits in comparison to an LCC model that includes
solely historical and projected costs. Additionally, further research is needed to determine
the level of detail and the scope of costs that should be included in the LCC modeling, par-
ticularly regarding minor expenditures and de minimis assets. For example, the sufficiency
of grouping de minimis assets into upper-level primary categories, such as instrumentation
and automation, versus more specific individual asset categories, like valve actuators or con-

dition-monitoring instruments.

Relating to cost-benefit analysis, the benefits of maintenance activities and asset renewals
could be studied for their monetary value. For instance, the benefits of maintenance could
be monitored for euros per increase in total availability of the process unit. However, this
type of research requires accurate and context-dependent maintenance cost data, which leads
to the next research gap regarding data quality. Data quality is a major parameter in contrib-
uting to uncertainty in this thesis; hence, it is suggested that future research should especially
focus on methodologies that provide well-defined and comprehensive asset cost data. Par-
ticularly, methodologies for evaluating asset performance, costs, and risks are needed when
maintenance history is inadequate or uncertain. Furthermore, future research is needed to
determine the accurate life expectancy of process equipment in industry in varying operating
environments. Finally, the assessment and grouping methodologies for de minimis assets

require further research.
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