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Abstract

In the current industrial context, where processes are extremely flexible to meet the changes of the market demand, the traditional
strategies for managing the design and investment of industrial assets are too restrictive. Indeed, such strategies just consider the
procurement price of an asset rather than its lifecycle cost. In this framework, the paper proposes a Total Cost of Ownership
(TCO) model that can be adopted in B2B context for establishing the best asset configuration and procurement strategy by
considering its CAPEX and OPEX. Such a TCO model has been implemented into an Enterprise Application Software for
supporting the TCO evaluation. The presented model and software tool have been applied within an Italian food company for
supporting the assets investment management.
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1. Introduction

In the current industrial world, where the production is changing from mass production to customised production,
the main driver to reach the success is the flexibility of industrial processes [1]. In this way, industrial companies
can achieve the market demand that changes very rapidly in a global competition. In this context, the asset
management for those companies becomes a strategic mean to configure the production process and then the entire
production plant in order to minimise the assets costs along their lifecycle.
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In order to address such a scope, a novel model able to recognise and optimise all the asset’s costs along the
lifetime is required, because the traditional cost assessment, based only on the manufacturing costs, is too restrictive.
Indeed, manufacturing costs are a pillar for industrial companies in order to establish the purchasing cost of an asset,
but usually it is only the tip of an iceberg. In fact, the Capital Expenditure (CAPEX) involves only the research,
design and purchasing costs, without covering the Operational Expenditure (OPEX) such as maintenance, hidden
costs, energy exploited, etc., which arise during the use phase of any asset [2]. Moreover, in the asset management,
the role of each supplier (the manufacturer of the asset) involved in the supply chain consists in offering production
systems characterized by high quality and performances while minimizing the operating cost during the lifecycle
[31[4].

For these reasons, the paper presents a TCO model for the preventive analysis of industrial assets, which can be
used during the design phase, for supporting the asset configuration, and during the procurement phase, for
supporting the supplier selection and negotiation. At the design phase, the model foresees a configuration
framework, which allows the designer to configure the asset by selecting its features in accordance to the product to
realize. The model informs the designer about the preventive TCO of each possible solution (a solution consists of a
combination of supplier and asset technology). At the procurement phase, the model allows the investment manager
to select the best supplying strategy by simulating and optimizing different scenarios. A scenario consists of an asset
technology, supplier, production plant and useful asset life.

The paper begins with a discussion about the TCO models adoption in literature, highlighting what are the main
models adopted, in which sectors and the main lacks and challenges to face (Chapter 2). Then, the Chapter 3
presents the TCO model proposed in this paper and its exploitation into a dedicated tool (Chapter 4). Chapter 5
presents a case study and the results gathered by implementing the TCO model into an industrial scenario. At last,
Chapter 6 drafts the main conclusions and future works.

2. TCO models in literature

A deep analysis conducted over more than 50 papers of the last seventeen years demonstrated a main research
trend in TCO literature. Indeed, the papers closer to 2000s were more interested in investigating the TCO models as
a mean to select the best suppliers to involve into the supply chain [5][6][7]. Instead, after ten years, these authors
have started to approach the TCO models as a mean to analyse and optimise the product, process or service costs
along the lifecycle [8][9].

According to this approach, which is also the current vision in TCO adoption, the literature works have faced the
topic of lifecycle costs by different perspectives (see Fig.1). For examples, some papers have discussed the
integration between TCO model with other tools, such as Bayesian networks in order to investigate the costs and
benefits of specific solutions for optimising them [10][11][12]. Others have proposed theoretical models to
recognise all the product costs along the lifecycle [13][14][15], but without the exploitation of these models in
industrial contexts; thus, they remain too theoretical for industrial applications. Some authors have also discussed
the application of TCO models along the time, proposing interesting literature reviews that allow identifying the
main pillars and issues in such topic [16][17]. Other authors [18][19]have focused their attention on the definition of
TCO models for the product and process sustainability. For example, the main scope of these researches was the
optimization of part of a product or production process through the implementation of a TCO model. In this case,
the costs analysis along the lifetime becomes a mean to investigate what are the main product or process
components more impactful by an economic point of view to be optimized.

19% BTCO as decision-making tool for supplier
0,1 211
TCO as decision-making tool in automotive

14% TCO literature review
TCO integrated with other methods and tools

7%
4 36% TCO model for investigating costs along lifecycle

Fig. 1. Literature review analysis from 2000 to 2017.
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By this literature analysis, most of the TCO models have been applied within the automotive sector
[20][21][22][23][24]. The high competitiveness of such a sector and the operating cost of such products (compared
to the manufacturing cost) have fostered the application of TCO models. Some authors have also approached the
asset management through the cost assessment of each asset throughout its lifetime, for each supplier involved in the
network [10][25]. However, these examples are not so common in literature, and a clear and structured TCO model
to support the asset management is missing.

According to this overview, the main aspects that outline the TCO topic are highlighted in the following.
Moreover, they are discussed in a critical way in order to identify the main lacks and challenges that should be
covered and addressed.

* TCO can be used as a decision-making tool for the suppliers’ selection. The models involved in this specific field
assess the suppliers’ costs at different levels but they do not address the lifecycle perspective. Indeed, such a
models are mostly focused on the supplier, order, batch and unit [16], with the aim of configuring an optimised
supply chain, but without considering the actual usage of the product, which is an aim of a preventive TCO.

* TCO models widely disseminated in literature are customised solutions that remain valid only for specific
applications or in specific research contexts [16]. This is the main limit in the application of such methodologies
to different products, services, or assets in general, because missing a high-level approach that can be broadly
adopted.

* TCO models can be applied both in B2B (Business2Business) and B2C (Business2Customer) scenarios, but their
main scope is the analysis of a specific item by economic point of view (e.g. an industrial solution, a supplier, a
technology to adopt, etc.) in order to understand which solution can be adopted. Anyway, in this framework, a
model for supporting the purchasing decisions, before deploy a specific asset, is not provided.

* TCO models imply that, for being applied within an industrial scenario, the costs items requested by the model
itself must be previously defined and available. This means that all these costs are consumptive costs and thus
they can be adopted only as a mean for selecting or analysing more solutions in order to identify the best one,
according to the previous observations. The consumptive TCO models should evolve toward preventive TCO
models for supporting the selection of assets that minimize the TCO throughout its lifecycle.

According to the main lacks and challenges identified, the present paper would propose a preventive TCO model
for assessing the lifecycle costs of an industrial asset during the asset configuration and relative investment analysis.
Such a TCO model supports the designers mainly in configuring/designing production machines (production
lines/areas or even buildings). Indeed, by a preventive TCO evaluation, the designer can update his design before
beginning the supplier’s selection and proceed with the investment. The proposed TCO model also supports the
investment managers in finding the best supplying strategy by an optimization process through preventive TCO
simulations. This is step beyond the literature, mainly oriented to consumptive TCO evaluations.

3. Methodological approach for the asset’s TCO assessment
3.1. Asset configuration model

The approach proposed to assess the asset’s costs throughout its lifecycle in order to configure a production plant
involves both the asset’s owner and the related supplier. Indeed, it implies that the asset’s owner establishes a
collaborative relationship with its main suppliers, in order to share the information necessary to build the asset
configuration and recognise all the required costs.

The preventive TCO evaluation of an asset and the comparative analysis among suppliers imply, first of all, the
definition of a configuration method. This is a challenging aim since the asset owner does not design the asset itself,
so that it is not possible develop a detailed configuration model. For this reason, the configuration model adopted in
this work follows a simplified approach, where a specific machine configuration or standard type (e.g. flowpack for
primary packaging, flowpack for secondary packaging) consists of a list of features/requirements, each one with a
specific value. The way of configuring an asset depends by the asset family (e.g. flowpack, refiner, etc.). The
features are classified in:

* Characterizing features: define a standard type (base configuration) of a machine;
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* Base features: contribute in the definition of the standard type;
* Optional features: all the other features that are not base features.

Each feature generally represents a functional group of a machine. In addition to the machine configuration, for
computing the TCO it is necessary to know the OPEX and CAPEX costs information with the following splitting:
¢ Cost of the base configuration (Cp,.). See Appendix A for abbreviations;

* Cost of each optional, depending by the base configuration the optional belongs (Coprionar);
* Country factor, an index for weighting the costs according to the plant where the asset will be installed (Cjucror);
* TCO data in accordance to the TCO model presented below.

Fig. 2 depicts the Object Oriented schema for configuring an asset and related procurement costs.

During the machine configuration process, the designer firstly defines the general information such as the plant,
the product realized by the asset, production rate and the technical requirements (e.g. power, dimensions, weights,
etc.). According to such a data, a set of rules, connecting the charactering feature of a machine configuration and the
general information, allow the definition of the machine configuration. While the base features are a constraint for
that configuration, the optional ones are a free choice of the designers and they can strongly influence the TCO.

Once the designer defined the characteristics of the machine, he checks the suppliers able to provide what
required. While the base features have to be respected, the optional ones are welcome. A similarity index measures
the number of feature the supplier provides out of the number of features requested by the designer. The country
factor multiplies the TCO for considering extra expenditure of the supplier for installing an asset on specific
countries. It considers cost related to the logistics and particular adjustment of the machine to respect the regulations
required by a country (e.g. environmental certifications).
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Fig. 2. OO schema for the asset configuration and procurement cost

3.2. TCO model

The TCO model conceived in this paper aims to assess all the asset’s costs throughout its lifecycle. Ciyesiment 1S
the cost occurred during the asset manufacturing phase and it is the investment cost (supplier perspective), C,. is the
cost of the asset usage due to the owner exploitation (owner perspective), Cg,. is the cost generated by the
management of asset End-of-Life (owner perspective).
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TCO = Cinvestment + Cuse + CEoL (1)

The TCO model here described (Equation 1) considers both the CAPEX, which are the investment costs coming
from the asset manufacturing delivered by a supplier, and the OPEX, which are the operative costs due to the asset
usage by the owner. The end of life phase is beyond this work.

3.2.1 CAPEX

The investment cost (CAPEX) calculation schema reflects the asset configuration approach presented above
(§3.1). It consists of a cost for the base/standard configuration, a cost each optional feature and a list of cost items
for deploying the asset within the workshop. The country factor identifies how much the transportation costs affect
the overall investment cost. The cost values are the result of a negotiation process with the suppliers.

Equation 2 presents the way for calculating the investment cost.

Cinvestment = (Cbase + Zg=1 Coptional+cpackaging + Cinstallation + Cdocumentation + Ctraining) ’ Cfactor(2)
3.2.2 OPEX

The running cost (OPEX) is in charge of the asset owner and it is calculated as the sum of the energy,
consumable and maintenances costs (Equation 3).

Cuse = Cenergy + Ccansumable + Cmaintenance (3)

The energy cost considers the energy curriers of the whole asset (i.e. electricity, steam, hot water, cold water, gas
and compressed air), by summing the contribution of the base/standard asset configuration plus each optional feature
(Equation 4).

Cenergy = Zy=1(Ze=1(ECoy * APy + 20-1(ECeo " AR)))) “

The consumable cost calculation follows a schema similar to energy. For consumables, the consumption depends
by the production rate since the consumables are strictly related to the product (Equation 5).

Ceonsumable = Z;=1(Zg=1(ccc,y ' CPc,y ' PRy + zg:l(ccc,o,y ' CPc,o,y ' PRy))) )

The maintenance cost follows a simpler schema, calculated summing the cost for maintaining the base
configuration plus the cost for each cost item (Equation 6).

Crnaintenance = Z;:l My + Zg:l Mo,y (6)

Each cost item depends by the asset configuration (defined as a combination of base/standard configuration and list
of optional features), supplier, product realized by the asset, installation plant and age (wear level).

4. TCO software platform

The TCO platform is an Enterprise Application Software (EAS) conceived for supporting the asset management
(design and investment). Such a platform allows firms in evaluating preventive and consumptive TCO analyses, by
using data available within corporate software systems. By implementing the asset configuration schema described
in §3.1 and the TCO equations presented in §3.2, such a platform represents a mean for easy and fast TCO
evaluation. Available through a web interface, the platform (Fig. 3) is accessible to designers, investment managers,
production plant managers and an administrator.
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Designers: they design machines, production lines, production areas, auxiliary systems or even buildings. They
use the platform for preventive evaluating the purchasing cost or TCO with the aim to check the target cost;
Investment managers: they manage the supplying strategy by certifying the suppliers, defining pricelists for
specific products and selecting the best suppliers (based on the whole enterprise needs). An investment manager
is generally responsible for one or more type of asset. They use the platform for defining the best supplying
strategy by considering the TCO variable;

Production plant managers: they manage the asset of their own production plants. They cooperate with the
designers and investment managers for discussing about machines/production lines/areas revamping activities.
They use the platform for consumptive TCO analysis of their assets;

Administrator: he supports the investment managers (e.g. supplier’s certification, definition of the pricelists,
energy cost, discount rates, etc.) and the production plant managers (management of the assets and related
information such as operating costs, OEE, technical features, etc.) in managing the platform database.
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Fig. 3. TCO platform architecture

The platform consists of three modules, each one conceived to be mainly used by the three operative users. The

administration module contains the common administration functionalities used for managing the database. The
main modules are:
* Assets management: module mainly used by the production plant managers for analysing the assets of their

plants. They carry out consumptive TCO analysis and comparative evaluations for identifying economic
criticalities of single machines or whole production lines. The module is also useful for designers and investment
managers. The first ones because, for designing/revamping a machine, it is important to know the characteristics
of the assets. The second ones use this module for analysing the overall efficiency of the plants, from the
technical and economic viewpoints, defining the needs for new investments and selecting the best supplying
solution by preventive simulating the TCO on a specific plant. Moreover, by analysing the asset related data (e.g.
comparative analysis), it is also possible to roughly foresee the TCO of a new investment.

* Assets configuration: module mainly used by designers for configuring/revamping machines. It is a configurator

that accepts a list of requirements, allows the selection of optional features and calculates the TCO by comparing
the available suppliers. For a flowpack, machine used for packaging products (e.g. brioches) by using a plastic
material, the requirements are the packaging type (primary, secondary of both), linear speed of the product
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(defined in ranges). The machine standard type, a general machine available from the suppliers that respect a
basic configuration for the required production, is defined as a combination of these features. This configuration
can be enriched by designers that want to select optional features (according to the machine standard type)
required for respecting specific packaging conditions (e.g. modified atmosphere packaging, tearing strip), or
production conditions (e.g. automatic roll change) or other constraints or general info (e.g. production plant,
production rate, etc.). Elaborating such information, the platform inspects the database by calculating the TCO
for each machine available from the suppliers. The module elaborates line graphs containing 7CO vs asset useful
life (years), required for identifying the Break Even Point among asset technologies or suppliers. The module
presents also a cost breakdown (CAPEX vs OPEX and energy vs maintenance vs consumable) for identifying
lifecycle criticalities.

* TCO Advanced analysis: this is a module used by the investment managers for managing the procurement
strategies. A manager use this module by firstly collecting the investment requests (e.g. installation of new
production machines, revamping of a production line, etc.), from the plants and the designs/configurations, from
the designers. For establishing the best suppling strategy, the manager starts simulating the overall TCO for these
requests by changing supplying variables (i.e. supplier and optional features). The objective is finding the best
configurations and suppliers that minimise the TCO at the enterprise level. For instance, if a supplier is
convenient for a specific plant, it cannot be the best one for other plants/countries because
transportation/installation costs, machine efficiency vs energy cost, etc. This kind of simulation is automated by
the optimization sub-module, which finds the best solution by analysing the database.

The database consists of four main groups of information:

* Configurations: it comprises the list of the standard machine/production lines/areas configurations, machine
families, features. This database area does not contain any information related to the suppliers;

* Pricelists: it contains the suppliers’ pricelists for machines (standard configurations and optional features). Each
price list contain the economic values required for calculating the TCO. This area is integrated with a Tender
Management System (TMS) used by the enterprise for managing the tenders through that they define the
pricelists;

* Assets: it contains the assets and related technical/economic features. The asset information can be synchronized
with the Enterprise Resource Planning (ERP) system of the enterprise;

* Other data: it contains the data for the general functioning of the platform.

5. Case study and main results

This section presents a preliminary evaluation of the proposed approach and software platform within an Italian
large food company (design and investment departments). This enterprise was looking to an improvement of the
method used for managing the assets investment, by introducing the Total Cost of Ownership analysis at this stage.
The asset managers and the designers focused the test case on a specific family of assets (printers). Designers firstly
defined the technical standards of a printer, by listing the most important technical features (packaging area:
primary, secondary, pelletizing and printing technology: continuous inkjet-CIJ, thermal transfer overprint-TTO,
thermal inkjet-T1J and laser) and grouping such a features in order to define a list of seven standard configurations.
These ones have been loaded into the tender management system. The company evaluated three suppliers to involve
in this project and after a preliminary discussion about the standard configurations, suppliers were invited to provide
a quotation to each of them. Once completed this tender, the suppliers were aware of the quotations given by their
competitors. At this stage, a second tender started with the aim to gather quotations for the optional features (even
including the data for calculating the TCO) and country factors (factor for adjusting the supplier quotation according
to the installation plant). At last, the definitive pricelists have been shared with the suppliers for their approval.

By using the TCO advanced analysis module, the investment manager was able to compare the preventive TCO
for the four technologies and three suppliers. Twelve simulations allowed the company to establish the best
combination of supplier and printing technology. Fig. 4, which represents the preventive TCO (the y-axis has been
removed for confidentiality reasons) vs the asset life, highlights that the purchasing cost is much smaller than the
TCO (up to -90%) for a useful life of twelve years. This means that the purchasing cost is not a robust parameter for
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selecting the best procurement scenario. The laser printing technology is a solution with the lowest OPEX (around
15% of the CAPEX). The OPEX of a thermal inkjet printer, instead, is around 1300% of its CAPEX.

The test case allowed the enterprise to reduce the investment costs by standardizing the machine configurations
(reduction of the asset customizations), stimulating the competition between suppliers (each supplier is aware of the
pricelists of its competitors) and evaluating the preventive TCO of an asset during the investment analysis phase.

Technology Tl Technology ClI
Technology TTO Technology Laser
echnology BY S upplier 1 e Supplier 2 Supplier 3
2016 2017 2018 2019 2020 2021 2022 2023 2024 2025 2026 2027 2028 2016 2017 2018 2019 2020 2021 2022 2023 2024 2025 2026 2027 2028
a b

Fig. 4. a) TCO preventive analysis, for the supplier #2, by changing the printing technology; b) TCO preventive analysis, for the laser printing
technology, by changing the suppliers

6. Conclusion and future work

The paper presented a preventive TCO model used by engineers and investment managers for assessing the
lifecycle costs of an industrial asset during its lifecycle. Such a TCO model supports the designers in
configuring/designing production machines and investment managers in selecting the best procurement strategy. To
foster the TCO model application, the authors developed a preliminary software application integrated with other
corporate solutions (a Tender Management System and an Enterprise Resource Manager). The model and relative
software tool have been tested by an Italian food company, with the aim of optimizing the design and procurement
phases of a printing system. However, the firm has implemented such a platform for other families of asset (i.e.
chillers, air compressors, flowpack machines, X-ray testing machines, ovens and presses). Despite the tailored
exploitation into a specific sector, the application of the proposed TCO model and platform for common assets (e.g.
air compressors, ovens and chillers) make the approach applicable for the asset management in other industrial
sectors.

In the context of preventive TCO models for supporting the design and procurement phases, a future work
consists in studying and developing preventive TCO models for production lines and buildings. Such models should
be integrated with those ones of single machines, while considering the features of the products realized by the
machine itself and by the production line.
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Appendix A. Abbreviations

Symbol Unit of measure Description

Chase € Cost of asset base configuration

Coptional € Cost of each optional features required by designer
Chackaging € Cost of packaging required for the transportation
Cinstatiation € Cost of the asset installation

Cdocumentation € Cost related for delivery the asset technical documents
Crraining € Cost for the training

Clactor € Country factor

/Y - Asset lifetime

0/0 - Asset number of optional features

e/E - Asset number of energy curriers

AP Hours/year Annual working hours

PR Products/year Production rate

EC €/hour Energy carrier unitary cost

cc Consumable/Product Consumable unitary consumption
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CP €/consumable Consumable price
M €/year Maintenance unitary cost




