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Abstract

An efficient spare parts inventory management 1is a critical function
since it affects i) the customer service in after sales operations and
ii) the availability of equipment 1in maintenance operations for
manufacturing companies. Modern spare parts’ supply chains (SPSCs)
exhibit unique characteristics that differentiate them from
traditional supply networks of finished products. Specifically, spare
parts’ forecasting 1is rather challenging, due to their volatile
demand. Moreover, the 1life cycle of spare parts 1s more extended
compared to the corresponding lifetime of finished products. In
response to the aforesaid challenges, Additive Manufacturing (AM) has
been developed as a new manufacturing process. AM is applied mainly to
rapid prototyping and provides to the management of SPSCs prospective
research grounds, taking into consideration the lower manufacturing
lead times and the ability to produce on demand. Nevertheless, it 1is
difficult to detect the most suitable Stock Keeping Units (SKUs) to
implement the AM processes. This paper, first reviews and analyses the
existing literature on spare parts and identifies the most applicable
AM technologies for spare parts production. Secondly, a Decision
Support System for spare parts and AM process selection 1s proposed.

Keywords: supply chain management, spare parts, inventory management,
additive manufacturing

Introduction

A spare part 1is generally defined as component that is kept in inventory
and used for the repair or replacement of broken units. To that end, in
order for businesses to respond to the increasing global pressures for
spare parts 1in terms of service time and cost, they need to deploy
sophisticated SPSCs. Forecasts indicate a Compound Annual Growth Rate
(CAGR) of 6.93% for the Global Spare Parts Logistics Market over the period
2014-2019. The projected growth is mainly attributed to the increasing
demand from China (TechNavio, 2015).

Therefore, the latter supply networks are characterized by high complexity,
due to three (3) wunique attributes stemming from the products’ and the
respective markets’ demands. Firstly, this is particularly attributed to
the extended life cycle of spare parts which is quite longer than that of
finished products. In the automotive industry, a typical car model 1is
usually produced for an expected lifetime of seven vyears, while a
maintenance period of 15 years is also provisioned (Spengler and Schroéter,
2003) . Secondly, manufacturers tend to increase the market for spare parts’
SKUs demand; hence the automotive industry firms periodically launch to the
market a wide range of car models with the aim to increase the total number
of required spare parts. Indicatively, a typical vehicle on average
comprises of 6,000 parts, thus driving the most Chinese Original Equipment
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Manufacturers (OEMs) to keep an inventory of more than 30,000 SKUs
(Deloitte Consulting, 2013). Thirdly, the demand for spare parts 1is
unstable and unpredictable, driving to formless demand patterns (Bacchetti
and Saccani, 2012).

Furthermore, increased customer satisfaction necessitates that a large
number of SKUs is retained by an OEM in order to maintain a high fill rate.
For example, Caterpillar is reported to produce more than 300 professional
equipment products, and 640,000 spare parts and components with an expected
lifetime of more than 40 vyears (Iversen, 2012). Moreover, Caterpillar
distributes 18M SKUs per year in over 190 countries and provides a notable
99.7% service level within 48 hours.

Additionally, the market of spare parts has become one of the most
profitable sectors for a large number of industries. Specifically, while
30% of automotive OEMs’ revenues come from spare parts, more than 50% of
their profits originate from spare parts due to high profit margins (Bijl
et al., 2000), which are 76% higher than the respective margins of the
conventional finished products’ market. Particularly, the profit margin in
the spare parts’ market is more than 40% for a third of OEMs, and more than
25% for the 70% of them (Deloitte Consulting, 2013).

In order to respond to the challenges in the spare parts’ market, AM
technology has been proposed to unleash opportunities for producing spare
parts on demand. AM 1is generally defined as the “process of joining
materials to make objects from 3D model data, usually layer upon layer”
(ASTM International, 2012). Thus, AM can promote reductions in the
inventory and supply chain costs, while at the same time lead to increased
service levels (Péres and Noyes, 2006).

As opposed to traditional production methods, AM is neither recommended for
mass production nor for the creation of economies of scale (Gibson et al.,
2015). On the contrary, AM 1is a techno-economical feasible approach for
producing small amount of spare parts. Spare parts demand pattern follows
the 20/80 Pareto-principle. This means that 20% of demand is generated by

80% of SKUs (Huiskonen, 2001). Thus, the majority of inventory is slow
moving parts and is responsible for large holding and safety costs (Liu et
al., 2014). Big service providers are the most capable to implement the AM

production services. Nevertheless, they retain huge databases and it 1is
posing difficulties in the effective management of the appropriate SKUs
(Sterkman, 2015). To that end, big service providers could apply robust
selection criteria for determining the SKUs to be handled at every time
period.

Thereafter, in this paper, we propose a list of key selection criteria for
the classification of spare parts’ SKUs that could be applied to most of
the industrial production sectors. The rest of the paper is structured as
follows. In section 2, AM advantages and challenges are provided. Following
in section 3, the Decision Support System for spare parts and AM process
selection is analysed. We wrap-up in section 4 with conclusions and
recommendations, while future research directions are discussed.
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case of mass production, are the two key limiting factors. Except for the
slow manufacturing rate, parts can only be produced in discrete units of
batches. Furthermore, an extensive knowledge of additive manufacturing
processes and materials is needed to produce spare parts of high quality.
Moreover, the resulting physical dimensions of a part are limited due to
the high cost of the required large-scale workstations or “printers”.
Finally, depending on the AM process, a post-production process is needed
in order to get the finished good. Table 2 summarizes the advantages and
limitations of AM.

Table 2: AM Advantages and Limitations

Advantages Limitations

Product-on-demand. Limited component size/small
production volumes.

Small production batches are | High production costs.
feasible and economic.

Possibility to quickly change | Requires post-processing
design. operations

No tooling is needed significantly | Knowledge of AM processes and
reducing production ramp-up time | material is needed.
and expenses.

Reductions of obsolete or excessive | One or a few parts can be made
spare parts being produced at EOP | at a time.
and being disposed if not required.

Possibility to reduce waste. Slow manufacturing rates.
Potential for simpler supply | Limited number of materials
chains; shorter 1lead times, lower | can be processed.

inventories.

Spare Parts and AM Technology Selection
Spare Parts Selection Characteristics

In this section, we present a Decision Support System for selecting the
most appropriate AM technology to fabricate spare parts of a specific
database (Figure 1). It can be executed either for each SKU, or for
families of parts with similar characteristics. Firstly, the SKUs, which
are not compatible with AM, have to be deleted. Five accept/reject criteria
are applied.

The selected spare parts can be only produced from a single raw material.
Thus far, a few AM processes support multi-material printing such as
Material Jetting and Fused Deposition Modelling (FDM). Despite that, multi-
raw material produced parts cannot be used for the repair or maintenance of
a final product, but rather are used for realizing artistic sculptures and
prototyping (Gao et al., 2015). Depending on the deferent types of AM
processes, the main raw materials to be used in AM are polymer, metal and
ceramics. From a practical point of view, the maximum dimensions of the
spare parts to Dbe produced should be selected after deciding on the
investment’s budget and the scale of the utilized AM printers. AM printers
are available in large scales, reaching dimensions of a few meters (Gibson
et al., 2015). In addition, duplicate SKUs and parts with no demand during
the last 10 vyears have to Dbe excluded from production scheduling and
planning due to technology obsolescence and rapid changes 1in modern
markets.
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Figure 1 Decision Support System for spare parts and AM process selection

Evaluate No of Raw
Criticality Materials

Evaluate Price

Data Clearing Material Type

Evaluate
Expected
Demand

NERE
Dimensions

Evaluate Lead SKUs Scoring
Time

NO
Duplicate SKUs Rejected
Evaluate Order

Quantity Rate

SKUs Selection

Historic Sales

AM
Technologies
Specifications
AM Technologies \ Finish
pre-rejection
Expert
Knowledge

SKUs and AM

Technolhog_lhes Compatible ves Add to SLA
Compatibility with SLA Database

Quantify Costs and

Savings Compatible Ve Add to FDM
with FDM Database

AM Technology
Selection

Compatible YES Add to EBW
with EBW Database

Design CAD Drawings o
Finish

After rejected the non-applicable spare parts, the remaining are classified
based on their total scores of five criteria. The first criterion is the
criticality of a spare part, which has to be carefully considered.
Unavailability of a critical part could result in severe consequences in
the production capacity of an industry (Molenaers et al., 2012). Unexpected
breakdown of a key workstation could lead to downtime of the entire
production line. Downtime consequences can be categorised into two groups:
downtime cost and downtime duration. Following the downtime cost can be
further classified into tangible and intangible costs, and the downtime
duration into scheduled and unscheduled (Prasertrungruang and Hadikusumo,
2008) . Taking into account that AM printing is a time-consuming process,
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the time needed to print a spare part has to be lesser than the acceptable
unscheduled downtime of the workstation or the production line.

Furthermore, purchasing price of a spare part is an important factor for
the AM implementation as the holding cost of the inventory is related to
the production or procurement cost of the items. Consequently, AM can be
more advantageous for products with high purchasing cost.

Additionally, the expected demand pattern for a specific SKU is pivotal
because AM is still a more expensive manufacturing ©process than
conventional mass production methods. This can be attributed to higher
material and production capacity costs (Holmstrom et al., 2010). Separation
of SKUs to fast-moving and slow-moving is also necessary. Fast-moving SKUs
can be produced via traditional production methods, whereas slow-moving
products are recommended to be manufactured via AM.

Another key benefit of AM is the decreased lead time of the final products.
Policies for producing or storing items in long distances often lead to low
fill rate and customer satisfaction. Moreover, high 1lead times are
responsible for increased safety stocks and inventory costs, in order to
maintain the desired fill rate, highlighting the advantageous role of AM
for spare parts with high lead time (Achillas et al., 2014).

Finally, a lot of suppliers require a minimum order quantity of products in
order to fulfil supply contractual agreements. This is typically the case
after the End-of-Production phase, when expensive molds have to be
manufactured (Inderfurth and Kleber, 2013). Generally, an order quantity
rate expresses the percentage of items of the minimum order quantity sold
per year. A small rate determines a prolonged period preferable during
which the inventory is kept on shelves.

Additive Manufacturing Technology Selection

Additive Manufacturing includes a wide range of technologies. Each
technology fits Dbest on different applications, according to its
characteristics. Thus, after selecting the most applicable SKUs, the
specifications of each AM technology have to be taken into account in order
to reject the AM processes which are not wvalid for the specific spare
parts. Subsequently, the compatibility between SKUs and the pre-selected AM
processes have to be considered. It 1is evaluated by five criteria, 1i)
Printing Materials, ii) Printing Size, 1ii) Accuracy, iv) Surface Quality
and v) Strength. For each AM process, SKUs, which don’t exceed the AM
process limits, 1is registered in a separate list. For each list, costs and
savings of spare parts manufacturing are estimated and finally, the most
suitable AM process is selected.

Conclusions & Future Research

In this paper, a combination of former research on SPSCs and AM
implementation for spare parts manufacturing is presented. Based on the
literature, OEMs and service providers retain large databases, containing
thousands of SKUs that are difficult to manage and analyse. The practical
implication of the analysis is to support the decision makers in selecting
the most appropriate spare parts to be produced by the most applicable AM
technology.

Further research is needed to develop conceptually the implementation of AM
in a SPSC context. However, the greatest challenge is the validation of the
spare parts selection scoring through empirical research. Next step is to
evaluate the selection criteria over a large spare parts database.
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