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Abstract: Spare parts are held as inventory to support product maintenance in order to reduce
downtime and extend the lifetime of products. Recently, spare parts inventory management has been
attracting more attention due to the “right-to-repair” movement which requires that manufacturers
provide sufficient spare parts throughout the life-cyle of their products to reduce waste so as to
achieve sustainability. In this review, 148 papers regarding spare parts inventory management
published from 2010 to 2020 are examined. The studies are classified based on two groups of
perspectives. The first group includes the characteristics of spare parts, products, inventory systems,
and supply chains, while the second group focuses on the characteristics of research methodologies
and topics in the reviewed studies. The novelty of this literature review is three-fold. Firstly, we focus
on analyzing the supply chain structure of different inventory networks for managing spare parts.
Secondly, we classify the current literature based on analytics techniques, i.e., descriptive analytics,
predictive analytics, and prescriptive analytics. Finally, the research gaps in this field are discussed
from the perspective of reverse logistics, consumer durable goods, inventory network structure and
policy, spare parts demand pattern modeling, and big data analytics.

Keywords: spare parts; inventory management; operations research; management science; supply chain
sustainability; optimization

1. Introduction

Nowadays, manufacturers usually advocate for a culture of planned obsolescence.
The idea of such a culture is to design their products to be short-lived and make products
hard to repair, so that customers are encouraged to purchase more. However, this cul-
ture contributes to wasting more natural resources and energy, further escalating global
warming. For example, the carbon emissions of producing the newest iPhone account
for nearly 80 percent of the total emissions during its life-cycle [1]. To discourage this
culture and achieve supply chain sustainability, a movement known as “right to repair” is
starting to make progress in pushing for legislation that requires companies make their
parts, tools, and information available to consumers and repair shops [2]. Under this
circumstance, spare parts inventory management is attracting more attention from practi-
tioners and academia. Spare parts are stock items used in maintenance activities to keep
equipment or products in operating conditions [3]. Spare parts inventory management is
critical because the cost of spare parts accounts for a large share of the products’ life-cycle
cost: the value of spare parts annually consumed by a piece of machinery, which might
have a lifetime of around 30 years, amounts to nearly 2.5% of the original purchasing
price [4]. The non-availability of spare parts may induce great financial losses for product
owners. In some industries where the manufacturers provide after-sales services, good
spare parts inventory management can improve customer satisfaction by reducing prod-
uct downtime [5]. Furthermore, spare parts often have an obsolescence problem, which
leads to spare parts being discarded at a quite low value. Overall, spare parts inventory
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management plays an important role in achieving the desired product availability at the
minimum economic and environmental costs. However, the management of spare parts
faces several difficulties. Firstly, the number and variety of spare parts are usually very
large. Secondly, the intermittent demand patterns are common among spare parts, and are
difficult to predict. Thirdly, the consumption of spare parts is related to the product usage,
damage, and maintenance [4].

1.1. Motivations and Objectives

The goal of this review is to provide a quick guide to a variety of classification schemes
to the spare parts inventory management literature and to present a big picture on spare
parts supply chains to discuss the studies on spare parts inventory management. Over the
last decade, a significant number of studies on spare parts inventory management have
been published to provide managerial insights to practitioners, but to the best of our
knowledge, there is no literature review that organizes the current literature from the
perspectives of supply chain management and supply chain analytics. There have been
seven literature reviews on this topic in the last thirty years. [6] reviewed the studies on
optimal maintenance and replacement models for multi-unit systems and classified them
into five categories based on maintenance operations. In their review, spare parts inventory
management was only a sub-topic. [7] presented a review on the studies of repairable
spare parts inventory management, and the reviewed studies were grouped based on
network structure, solution methodology, and solution types. [3] presented the first review
which completely focused on the literature of spare parts inventory management, and the
relationships between equipment maintenance and spare parts inventory were analyzed. [8]
gave a review on lateral transshipments within an inventory system. [9] limited their
literature review to models for non-repairable spare parts. [10] focused on managing
spare parts inventories of technical systems. The classification in their review was made
based on the characteristics of the inventory network, including the network’s service
provider, number of echelon levels, and availability of lateral or emergency transshipment,
etc. [4] presented a framework for operational research (OR) in spare parts inventory
management and analyzed the literature on four critical aspects of OR in spare parts
inventory management, i.e., spare parts classification, demand forecasting, inventory
optimization, and supply chain system simulation.

The main differences between our literature review and the aforementioned reviews
are as follows. Firstly, we focus on analyzing the supply chain structure of different inven-
tory networks for managing spare parts. Secondly, we classify the literature according to
three analytics techniques, i.e., descriptive analytics, predictive analytics, and prescriptive
analytics. Thirdly, we point out several new research gaps which combine spare parts
inventory management with supply chain sustainability, big data analytics, and so on.

1.2. Methodology

In this review, the database used for searching publications was ABI/INFORM Col-
lection, which is one of the most comprehensive business databases in the OR/MS field.
The initial search was conducted by searching spare and inventory as keywords in the titles
and abstracts in peer reviewed publications published between January 2010 and January
2020. After this initial search, 124 studies were identified. Then we used Google Scholar
to search for studies citing them. In total, there were 148 studies in the review pool. After
taking out the seven aforementioned reviews, 142 studies remained.

2. Typology Based on Systematic Characteristics

In this section, the reviewed papers are classified based on the characteristics of their
studied products or spare parts and supply chain structures and inventory attributes for
managing those products and spare parts. In the first subsection, five types of product
and spare part characteristics including product system type, product life-cycle phase,
spare part type, product system complexity, and performance measures are used to depict
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the studied product and spare parts in the literature. As for the perspective relating to
spare parts supply chain characteristics, supply chain features such as network ownership,
number of echelons, lead time, lateral transshipments and emergency shipments, and
after-sale services are summarized and analyzed in Section 2.2. In the final subsection,
inventory management characteristics including inventory policy, number of inventory
items, and inventory supply source are introduced to classify the studies.

2.1. Product and Spare Parts Characteristics

Five product and spare part characteristics are summarized in Table 1.

Table 1. Number of studies in different product and spare part characteristics.

Product Types Product Life-Cycle Phases Spare Part Types Product System Complexity Performance Measures
Capital goods 109 Initial phase 2 Repairable parts 41 Single-unit products 60 LCC measure 8
Consumer durable goods 18  Maturity phase 80 Non-repairable parts 83 Multi-unit products 76 TCO measure 2
Non-specific goods 15  End-of-life phase 9 Both 8 SCOR measure 114
Whole life-cycle 11 Other measures 4

2.1.1. Product Types

Spare parts are stocked and used for keeping equipment in operating conditions.
The management of spare parts is a critical element in the after-sales service supply chain.
Capital goods and consumer durable goods are two important product types which have a
long lifetime and require after-sales services [11]. The former are high-value tangible assets
used by a company as an input for producing other goods or services, and are also referred
to as capital assets. The latter refer to the products purchased by individual customers and
are not used for producing another good or service. Examples of consumer durable goods
include automobiles, household appliances, and consumer electronics. Normally, capital
goods are essential to the operation processes of the owner company. Therefore, a high
availability of capital goods needs to be ensured [12]. Examples of capital goods include
computer networks, medical and defense systems, and aircrafts.

There are several differences between these two categories. Capital goods directly
involve producing goods or providing services, while consumer durable goods do not.
Second, they are supported by distinct after-sales services. Service contracts are provided
by the OEMor a third party maintenance company for capital goods. Warranties are
usually provided for consumer durable goods. Third, these two goods have different spare
parts demand patterns. Consumer durable goods are purchased by a large number of
individuals, leading to significant variations in spare parts demand because product usage
varies among customers. For capital goods, owners usually purchase a fleet of identical
products in use and these products normally have the same usage levels and work under
the same environment. On the other hand, for consumer durable goods, the law of large
numbers holds for spare parts demand because the product’s installed base is sufficiently
large, meaning that the OEM is able to take advantage of this property to make inventory
decisions. In contrast, the installed base of capital goods is usually not large enough,
especially for the network managed by the equipment owner, who is more likely to be
faced with irregular spare parts demand patterns.

According to Table 1, the studies on spare parts of capital goods prevail in this research
area: 109 out of 142 studies focus on the spare parts of capital goods, and only 18 studies
consider the spare parts of consumer durable goods. Meanwhile, we cannot identify the
product types in 15 papers. This result indicates a notable research gap in managing spare
parts of consumer durable goods, and such a gap will be discussed in part b of Section
4.1.2.

2.1.2. Product lIfe-Cycle Phases

The product life-cycle consists of three phases, including the initial phase, maturity
phase, and end-of-life (EOL) phase [10]. The demands for products and those for spare
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parts behave differently throughout the life-cycle. The initial phase begins when a new
product is launched. The product demand increases sharply during the initial phase and
the number of products on the market surges as well. In contrast, the product failure
due to deterioration is very low, implying that the spare parts demand is not significant
during this phase. After the initial phase, the maturity phase starts when the number of
products on the market becomes stable. Such stability is caused not only by the declining
product demand, but also by the increasing product failures, which also incur increasing
spare parts demands. The EOL phase usually starts when the manufacturing of products
and spare parts stops and when the last warranty or service contract period expires [13].
During this phase, product sales cease and on-market product quantity starts to decrease,
while the supply of spare parts stops. However, products on the market still need to retain
functionality when they fail, requiring spare parts be procured and then stocked at the
beginning of this phase. Figure 1 illustrates the life-cycle phases. Importantly, spare parts
demand follows product demand but with a time lag, called the “life-cycle mismatch”
phenomenon [14]. Such mismatch indicates that spare parts demand is correlated with
on-market product quantity [15].

A [Initial phase . Maturity phase : End-of-life-phase

Amount

Products on the market

o
0]
s

0 Time

Figure 1. New products sales, spare parts demand, and products on market in the product life-cycle
(adapted form [15]).

As shown in the second column of Table 1, most studies in the spare parts inventory
management literature focus on the inventory problems arising during the maturity phase
when on-market product quantity is stable. There are nine studies focusing on the final
order problem or last-time-buy problem occurring in the EOL phase. Additionally, four
studies focus their efforts on spare parts inventory management over the entire life-cycle.
The other 40 studies cannot be classified because they do not indicate the life-cycle phases
they focus on. It is clear that the extant studies lack the life-cycle planning perspective, and
we will present the discussion on this research gap in part b of Section 4.1.2.

2.1.3. Spare Part Types

The spare parts in the reviewed studies mainly include two types, i.e., repairable
parts and non-repairable parts. Repairable parts are items which are replaced by new
ones and then sent to repair when failure occurs [12]. After being repaired, the parts are
restocked as ready-for-use units (RFUs), which are used to replace faulty ones in the future.
Non-repairable parts, also referred to as consumables, are items which cannot be repaired
after replacement and are usually discarded. The inventory management of repairable
parts is more complex than that of consumables. For repairable parts, supply sources
include not only suppliers, but also repair workshops, whose operations are affected by
repair capacity, repair time, etc.
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As shown in the third column of Table 1, there are 41 studies focusing on repairable
parts, while there are three studies considering both repairable and non-repairable parts.
More than half of the studies focus on non-repairable parts. Ten studies do not specify the
types of spare parts. However, such emphasis on non-repairable parts is not able to satisfy
the urgent need for managing repairable parts among practitioners, especially when the
concept of supply chain sustainability has prevailed in industry recently. Based on such an
observation, the research gaps regarding reverse logistics of spare parts will be presented
in Section 4.1.1.

2.1.4. Product System Complexity

In terms of system complexity, the product systems can have a single critical part
(single-unit system) or multiple critical parts (multi-unit system). The fourth column of
Table 1 indicates the studies based on system complexity. From the table, we can see that the
studies on both kinds of product system are quite abundant in the literature. However, one
interesting observation is that most multi-unit system studies assume the independence of
spare parts failures. Only two studies [16,17], adopt the dependent failures assumption. In
the real world, independent failure assumption is often invalid, though it simplifies the
analysis. In this case, we emphasize that more future studies on multi-unit system should
take the dependent failure assumption into consideration.

2.1.5. Performance Measures

In the literature, various performance measures are used to evaluate the outcomes
brought by different inventory policies, maintenance schedules, etc. In the following,
three different measures are introduced. These performance measures are adopted by the
inventory network owners to manage the spare parts inventory for different products.
Typically, if OEMs manage the spare parts inventory network to provide after-sales services,
they are interested in the life-cycle cost of the manufactured product, because it is an
important factor to consider when designing products and deciding after-sales services
strategies. For the product users who build up their own spare parts inventory networks
for maintaining the purchased products, the total cost of ownership is one of their main
concerns, because it helps them understand the true cost of buying the products from a
particular OEM. In addition, both OEM and product users may focus on the supply chain
performance metrics to meet their specified operation requirements for the spare parts
supply chain. In the following context, three different measures including life-cycle cost,
total cost of ownership, and supply chain performance metrics, are introduced and the
reviewed literature is classified based on these measures.

a. Life-cycle cost

Life-cycle cost (LCC) is referred to as the summation of all cost components for
manufacturers, users, and society during the product lifetime. The breakdown structure is
shown in Table 2, adapted from [18].

The difference between this table and that of [18] is that OEM may also have disposal
or recycling costs if reverse logistics (RL) are implemented. Detailed discussions on the
relationship between RL and spare parts inventory management are given in Section 4.2.
More importantly, when conducting LCC analysis, the cost categories considered are differ-
ent for OEM, users, and society, because they are only interested in the cost components
that they can control. For example, [19] studied a problem in which an OEM provides
the performance-based contract (PBC) to the customer who purchased a set of equip-
ment. The life-cycle cost considered in their study includes the design costs, production
costs, and usage costs, and is affected by the product’s reliability level and spare parts
inventory level.

b. Total cost of ownership

Total cost of ownership (TCO) is a concept which helps customers to understand
the true cost of buying a particular good or service from a supplier [20]. In addition
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to product price, TCO normally contains the costs incurred by product maintenance,
downtime, disposal, and other activities that occur during the usage of the product. Note
that the maintenance-related cost may account for a large portion (70-80%) of the TCO for
complicated technical systems [19]. Hence, spare parts inventory management is important
due to its critical role in maintenance operations.

It should be highlighted that the maintenance-related cost may account for a very large
portion (70-80%) of the TCO for some complicated technical products, such as military,
medical, and power generation equipment. Therefore, spare parts inventory management
is important due to its critical role in maintenance operations. The studies that adopt the
TCO as the performance measure for evaluating the spare parts inventory system generally
seek to find the optimal inventory policy, such that the TCO is minimized.

c.  Supply chain performance metrics

In the literature, the Supply Chain Operation Reference (SCOR) model is widely used
to measure supply chain performance. This model measures supply chain performance
from four perspectives, i.e., lead time metrics, cost metrics, service/quality metrics, and
assets metrics [21], illustrated in Table 3.

Table 2. Life-cycle stages and costs.

OEM Cost Users Cost Society Cost
Desien Product development
& Market Recognition
Materials Wastes
Production Labors Pollution
Facilities Health damages
Energy
Inventory Inventory Packaging
Transportation Transportation Wastes
Usage Wastes Energy Pollution
Breakage Materials Health damages
After-sales services Maintenance
Disposal Disposal Disposal Wastes
or Recycling Recycling Disposal
recycling Remanufacturing Pollution
Health damages

Table 3. Different kinds of supply chain performance metrics.

Metrics Example

Spare part replenishment lead time, repair lead time for re-

Lead time metrics . .
pair operation, etc.

Inventory holding cost, repair cost for repairable spare parts,

Cost metrics shipment cost, etc.

Product’s availability level, inventory system service

Service/quality metrics level, etc.

Assets metrics Spare parts inventory level, repair center capacity, etc.

The number of reviewed studies which use different performance measures are listed
in the final column of Table 1. It is worth mentioning that more than one performance
measure can be used to evaluate the system performance. For example, an OEM who
provides performance-based contracts to the customer has to not only consider the cost
metrics of the maintenance and inventory system, but also ensure that the requested service
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metrics in the contract be satisfied (e.g., the required product availability level). In this case,
one can use the total cost induced by managing spare parts as an objective, while the agreed
service level acts as the constraints in optimization models. Consequently, we consider the
number of usages of different performance measures in the reviewed literature.

The last column of Table 1 clearly shows that supply chain performance metrics
are dominantly used in the literature. In contrast, eight studies adopt the LCC measure
and two studies use the TCO measure, respectively. There are four studies using other
measures such as company profits of selling products and providing warranty services [22,
23], profits of using spare parts inventory pooling among different companies [24], and
warranty cost [25]. This observation indicates that research on spare parts inventory
management should consider advanced warranty types.

2.2. Perspective of Spare Parts Inventory Management Characteristics

In this subsection, the reviewed literature is classified based on the characteristics of
spare parts inventory management, including inventory policy, number of inventory units,
and inventory supply source.

2.2.1. Inventory Policy

During a product’s life-cycle, various policies are implemented to manage the spare
parts inventory. Continuous review and periodic review policies are commonly used in the
initial and maturity phases, while final order policies are widely used in the EOL phase.

a. Continuous review policy

Under a continuous review policy, the spare parts inventory level is monitored in a
continuous manner. We can identify two types of continuous review policy, including (s, S)
policy and (g, ) policy. In the (s, S) policy, a new order is placed to make the inventory level
reach the order-up-to level (S) once the level falls below reorder point (s). The ordered
quantity is equal to the difference between S and inventory level at the ordering time.
The (S — 1, S) policy, referred to as one-for-one replenishment policy or base stock policy,
is a special case of (s, S) and is widely used for repairable spare parts because the one-
for-one replenishment mode can mimic the repair process. For example, when a product
is under repair, inducing one unit demand for a repairable spare part, a new spare part
is used to replace the faulty one, which is sent to repair and will return as one unit of
inventory after repair. Unlike the (s, S) policy, whose order size is uncertain, the (g,7)
policy has a fixed order size (g) and the order is placed when inventory level is no higher
than the reorder point (7).

b.  Periodic review policy

Under a periodic review policy, the spare parts inventory level is monitored in a
cyclic or periodic manner. The most widely used periodic review policy is (R, S) policy,
in which orders are placed at the start of every fixed ordering cycle (R) to ensure that the
inventory level reaches the order-up-to level (S). The length of ordering cycle is usually
predetermined by decision makers. It is notable that the implementation of continuous
review or periodic review policy is mainly decided by the decision makers based on how the
spare parts inventory is managed. In addition, it is possible to adopt both inventory policies
in an particular inventory network. For example, in some studies, different inventory
policies are used in different echelons of a multi-echelon inventory network [26].

c.  Final order policy

When the production of spare parts is discontinued, a final order is placed to satisfy
the demand during the EOL phase [13]. In the literature, this is called the EOL inventory
problem, end of production problem (EOP), or final buy problem (FBP). If too many spare
parts are ordered, the inventory owner would take large obsolescence and disposal risks
and pay for a high inventory holding cost in the EOL phase. On the contrary, if the final
ordered quantity was not enough to cover the spare parts demand during the final period,
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the OEM or maintenance provider would not fulfill the service contracts or warranty
obligations, and thus be faced with fiscal penalties or damage to customer satisfaction or
brand image.

Table 4 summarizes the studies on different inventory policies. Note that a study
may involve different policies and is included in more than one category. From the table,
we can see that the implementation of various inventory policies depends on the type
and life-cycle phase of the studied products or spare parts. This is the reason that each
mentioned policy is studied in a fair amount of studies.

Table 4. The number of studies using different inventory policies.

Initial and Maturity Phases EOL Phase
Continuous review policy Periodic review policy Final order policy
(55 (5-15) (471 (R,S)
12 51 12 36 7

2.2.2. Number of Inventory Items

Based on the inventory item numbers, the literature can be categorized into two groups:
the studies with a single-item inventory and the studies with a multi-item inventory. This
classification is closely related to the definition of the service level of inventory system,
which includes the item approach and system approach. In the former, each inventory
item has its own target service level and ordering decisions should be made for each item
independently. In contrast, in the latter, a target service level is defined for the demand
weighted average of performance measures over all items [26]. The studies on multi-item
spare parts inventory systems are prevalent, with 85 studies focusing on this characteristic,
whereas 44 studies are on single-item inventory system. In addition, there are 13 studies
not classified because they do not cover this issue.

2.2.3. Inventory Supply Sources

Both consumable and repairable spare parts are normally procured from external
suppliers or manufactured by OEM’s. However, it is possible that repairable spare parts
are supplied from repair shops by fixed faulty ones. The identification of supply source is
important because different supply modes represent various emergency levels of orders.
For example, when the inventory is depleted and orders cannot be backlogged, ordering
new spare parts from external suppliers is more preferable if the lead time is short because
waiting to repair a faulty part possibly costs more (e.g., penalties on long customer waiting
time beyond the agreed level in the service contracts). From Table 5, it can be concluded
that the inventory supply sources in most studies are suppliers and repair shops. There are
only four studies with other supply modes, such as remanufacturing [22], additive man-
ufacturing [27], and cannibalization [28,29]. These results reveal that the current studies
still focus on the typical inventory sources such as procurement from external suppliers
and supplies from repair shops. In fact, as the concept of supply chain sustainability be-
comes more important, more studies should consider the new inventory sources including
remanufacturing, additive manufacturing, etc.

Table 5. Number of studies with different supply sources.

Suppliers OEM Production Repair Shop Others
52 5 73 4

2.3. Perspective of Spare Parts Supply Chain Characteristics

The spare parts supply chain refers to the network of firms and facilities transforming
raw materials into spare parts and distributing these spare parts. The supply chain charac-
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teristics reveal stakeholders, structure, operations mode, and flow paths of the spare parts
supply chain. The obtained results are shown in Table 6.

Table 6. Number of studies on different spare parts supply chain characteristics.

Lateral Transshipments and

Network Ownership Number of Echelons Lead Time . Maintenance Strategies
Emergency Shipments
User network 49 Single echelon 90 Zero lead time 21 Lateral trans-shipments 5  Preventive maintenance 31
OEM network 55 Multi echelon 32 Deterministic lead time 59 Emergency shipments 17  Corrective maintenance 86
Third party network 28 Stochastic lead time 38 Both 2 Both 20

2.3.1. Network Ownership

Based on network ownership, a spare parts supply chain can be identified as an OEM
network, a user network, and a third-party network [10]. A user network is a traditional
network for maintaining the products in use, where users take over maintenance activities
to avoid downtime. As the product structure and maintenance complexity have increased,
OEM networks have started to prevail in many industries such as high-tech industries,
because the OEM generally possesses more knowledge and techniques, and thus can handle
the complexity of product system more easily than users. In addition, the prevalence of lean
management programs is another driver of this trend. The philosophy of lean management
requires that users have smaller buffers for disturbances and also high system availability.
In this context, rather than reserving the teams and resources to maintain the product
systems in use, users prefer outsourcing the maintenance to the OEM or a third-party
company.

In an OEM network, the OEM establishes facilities and resources to provide after-sales
services to users via service contracts or warranties. Nowadays, OEMs are increasingly
willing to provide after-sale services due to the following reasons. Firstly, providing such
services induces a competitive advantage over other OEMs, since customers increasingly
require high-quality after-sales services; secondly, the OEM can earn profits by selling such
services, which can be higher than selling products.

In some cases, a third-party firm takes the role of the OEM, called a third-party
network. In other words, a third-party network is similar to an OEM network. For example,
both the OEM and third-party company own and manage the facilities and resources
to support the after-sales services. The major difference is after-sales services in a third-
party network usually are provided to a much bigger user group who use products from
different OEMs. In the first column of Table 6, the number of studies adopting networks
with various ownership is summarized: there are 49 studies on user networks, 55 studies
on OEM networks, and 28 studies on third-party networks. In addition, we cannot identify
the network types in 10 papers, because no related information is provided. This result
indicates that all these three types of spare parts inventory network are studied sufficiently
in the reviewed literature.

2.3.2. Number of Echelons

The number of echelons is one of the most important characteristics in the inventory
management literature, because it decides the structure of the inventory system. A single-
echelon inventory system contains local stock points in different regions, where each local
stock point is responsible for serving the demand in the region and no interaction exists
between any two local stock points. A multi-echelon inventory system has more than one
echelon. For example, national and regional stock points are utilized in this system. More
importantly, replenishment decisions at each stock point may depend on the information
of other stock points. The second column in Table 6 shows that a majority of the reviewed
studies focus on single-echelon inventory systems, indicating a research gap in multi-
echelon spare parts inventory systems. This research gap will be discussed in Section
4.1.3.
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2.3.3. Lead Time

Lead time is another important supply chain feature, usually defined as the period that
begins with an order placement and ends with the receipt of that order. Different inventory
policies lead to different lead times. For example, when emergency replenishment is
allowed, an emergency order often leads to a shorter lead time but greater cost. In the
literature, the concept of lead time varies among different spare part types. For non-
repairable spare parts, the lead time mainly include transportation time and repair time.
As shown in the third column in Table 6, 21 studies do not consider lead times, while
97 studies do, among which 59 studies consider deterministic lead times and 38 studies
consider stochastic ones. This reveals that current studies have accommodated to the real
life scenarios which do have a lead time when placing an order. In addition, it is notable
that more and more studies are focusing on handling the uncertainty in lead time brought
by supply chain disruptions.

2.3.4. Lateral Transshipments and Emergency Shipments

Lateral transshipments and emergency shipments are widely used to improve inven-
tory system performance in practice. The reviewed literature is classified based on whether
the lateral transshipments or emergency shipments are used.

a. Lateral transshipments

Lateral transshipments are defined as stock movements between different stock points
within the same echelon in an inventory system [10]. In some studies, inventory pooling
and lateral transshipments are treated as interchangeable strategies[30]. Based on the timing
when transshipment decisions are made, lateral transshipments can be categorized as
proactive transshipments and reactive transshipments [8]. In the former, all transshipments
are scheduled in advance and all stock points are redistributed simultaneously, while
the latter refers to stock movements from one stock point with sufficient on-hand stock
to another stock point with stock-out situation at any time. Another way to classify the
literature regarding lateral transshipments is based on the extent to which the stock at
one point is available to be used in transshipments. If all of the inventory at one stock
point can be used, such transshipment is called complete pooling. In contrast, if only
a portion of inventory can be transshipped and the rest of the inventory is reserved for
covering future local demands, such transshipment is called partial pooling. However,
we find that all the studies involving lateral transshipments use reactive transshipments
with complete pooling.

b.  Emergency shipments

Emergency shipments are widely used when on-hand spare parts stocks are insuffi-
cient to support timely maintenance activities. Unlike lateral transshipments, emergency
transshipments involve stock movements between different echelons, i.e., the stock-out
point and the inventory supply source. As shown in the fourth column of Table 6, there are
only five studies considering lateral transshipments, 17 studies considering emergency
shipments, and 2 studies considering both. The remaining 118 studies ignore or are ir-
relevant to this issue. This shows the lateral transshipments and emergency shipments
represent a large gap in the spare parts inventory management literature, which will be
illustrated in Section 4.1.3.

2.3.5. After-Sales Services and Maintenance Strategies

The after-sales service of product is highly relevant to the spare parts inventory man-
agement. Such services are regulated by the agreed contracts between product owners and
maintenance providers, and are realized by different maintenance strategies. In the follow-
ing, two different types of after-sales service, warranty and service contracts, are discussed
and several maintenance strategies will be illustrated.

a. After-sales contracts
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Basically, there are two types of contracts, i.e., warranty and service contracts. As dis-
cussed earlier, the after-sales services of consumer durable goods are provided through
warranty contracts, which request OEM to fix or replace faulty products for customers
under some conditions. Warranty contracts are important strategic profiles in modern
manufacturers because they can improve company image, generate business and profits,
and foster brand [31]. On the other hand, after-sales services of capital goods are often
provided through service contracts which includes material-based contracts (MBC) and
performance-based contracts (PBC) [32]. Under MBC, each time a service task is completed,
the OEM is compensated for the service cost, while under PBC, the OEM is compensated
based on system performance. Compared to MBC, PBC has advantages in motivating
OEMs to improve product quality and reliability during the design and manufacturing
phases.

b. Maintenance strategies

Maintenance strategies determine the timing when products are maintained or parts
are replaced, which is classified as preventive maintenance and corrective maintenance.
Preventive maintenance intends to maintain products or replace parts before failure oc-
curs to avoid product breakdowns, which assumes that the product state is known with
certainty [6]. Preventive maintenance is scheduled in each planning period and induces
planned demand for spare parts. However, preventive maintenance cannot eliminate part
failures because parts might fail before replacements or maintenance. In addition, some
types of spare parts, such as electronic parts, do not wear, meaning that the states of parts
cannot be used to decide the maintenance schedule. In these cases, corrective maintenance
strategies are used when part failures occur, which would incur unplanned demand for
spare parts. The last column of Table 6 shows the number of studies on preventive and
corrective maintenance, illustrating that both maintenance strategies are fairly extensively
studied in the reviewed literature.

3. Typology Based on Research Methodologies and Topics

In Section 2.2, the reviewed literature is categorized according to the physical character-
istics of the studied products, spare parts, and supply chain networks. These characteristics
can be used to help readers to understand the backgrounds and contents of the studies
on spare parts inventory management problems. However, to get a big picture of current
research status, identify research gaps, and find potential study topics, the reviewed studies
need to be classified based on research methodologies and topics. In this section, another
typology based on research methodologies and topics in the reviewed papers is introduced
and corresponding analysis is carried out. In the following sections, the reviewed studies
are categorized based on the supply chain analytics which they use and the research topics
which they focus on.

3.1. Perspective of Supply Chain Analytics

A spare parts supply chain refers to the network of firms and facilities involved
in transforming raw materials into spare parts and distributing spare parts to customers.
In this subsection, we use the concept of supply chain analytics to identify different research
methodologies. Supply chain analytics can be divided into three different types, including
descriptive, predictive, and prescriptive analytics. It is worth mentioning that one study
may use multiple analytics techniques.

3.1.1. Descriptive Analytics

Descriptive analytics answer the question of what is happening by utilizing and
deriving the information from significant amount of data [33]. Spare parts inventory
management studies adopting descriptive analytics mainly focus on particular cases,
conduct simulations, and perform performance analysis based on the collected historical
data. The research issues are typically related to spare parts supply chain network structure
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design, spare parts classification, and new technology adoption for spare parts inventory
management in a particular industry.

Our review shows that 49 studies have real-life cases relevant to spare parts inventory
management problems. In these studies, the data were collected from the companies or
organizations. There are 19 papers using simulation models to mimic the real-world spare
parts inventory management processes. The purpose of using simulation models as a
descriptive method is to reveal the value of implementing certain policies when managing
a spare parts inventory. Using such simulation experiments is preferable because the cost
of testing policies in real-life management operations could be high. Performance analysis
is used in seven papers for testing or comparing different spare parts demand classification
or forecasting methods.

3.1.2. Predictive Analytics

Predictive analytics answer the question of what will be happening by utilizing
collected data in prediction techniques. The reviewed studies adopting predictive analytics
normally address the issues of how to identify different spare parts demand patterns and
how to correctly forecast the demand.

Spare parts demand is induced by the failures and replacements of parts in use during
a product’s life-cycle, and is often intermittent and lumpy [34], causing difficulties in
demand forecasting. Spare part demand is often modeled by stochastic processes (SP). A
stationary stochastic process (SSP) assumes that the demand possesses identical probability
distributions in different time periods, which holds when the product installed base is large
and constant over the planning horizon. The most widely used SSP is the Poisson process.
On the contrary, a non-stationary stochastic process (NSSP) assumes that demand possesses
different probability distributions across periods, which holds when the number of target
products changes over the planning horizon. One typical NSSP is the non-homogeneous
Poisson process. The selection between SSP and NSSP is affected by the product life-
cycle phase. If one study targets only the products in the maturity phase, SSP is preferred
because the number of products in use remains at a stable level, leading to a steady demand
rate. However, the demands are not stable either at the initial phase or the EOL phase,
where NSSP is preferred. Another popular approach for depicting demand patterns is to
assume that demand follows a certain probability distributions. The assumed probability
distribution in each planning period is uniquely determined by the information retrieved
from the collected data and can be either similar or dissimilar. An advantage of this
approach is that almost all types of demand pattern can be modeled based on historical
observations. However, general probability distributions may bring more complexities
into optimization problems.

Only a few studies assume deterministic spare part demands but put more effort into
determining the optimal inventory policy. However, such deterministic models could not
capture the stochastic nature of part failures. We summarize the studies using different
demand patterns in Table 7. It is clear that a majority of the reviewed studies adopt SSP.
The reason for this is that the spare parts inventory management literature is developed
from and is heavily impacted by the equipment maintenance literature, in which SSP are
widely accepted as a basic assumption. In addition, 20 studies assume general probability
distributions. There are 24 studies which cannot be identified based on how demand
patterns are modeled.

Table 7. Number of studies with different demand patterns.

Stochastic
SSp NSSP General Distribution
74 10 20 4

Deterministic
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When there are multiple spare parts, multiple demand patterns usually exist. The lit-
erature can also be classified based on a single demand pattern and multiple demand
patterns, including 42 and 66 studies, respectively. The former usually considers one type
of spare part (could be multiple identical spare parts), while the latter considers multiple
non-identical spare parts belonging to different types. More importantly, for the complex
systems with multiple parts, one spare part’s demand may be affected by the demand for
other spare parts. However, most of the studies with multiple demand patterns assume
that spare part demand patterns are independent, while only two papers [16,17] consider
the dependency among different spare parts demand patterns.

3.1.3. Prescriptive Analytics

Prescriptive analytics answer the question of what should be happening. Specifically,
prescriptive analytics utilize optimization models to provide recommendations to decision
makers. In our review, 86 studies using prescriptive analytics are examined. To provide
readers with a clear and direct view on the optimization models in the studies with
prescriptive analytics, We further divide the studies into three aspects, i.e., model settings,
optimization model types, and solution methods, shown in Table 8.

a. Model settings

Based on the types of model setting, the mentioned 86 papers can be classified into
two groups, one with a stochastic setting and the other with a deterministic setting. If a
model assumes spare part demand is stochastically distributed, we classify it as using a
stochastic model setting. Instead, if the demand is assumed to be deterministic, we classify
it as using a deterministic model setting. As shown in the first column of Table 8, the
studies adopting stochastic settings dominate: 81 out of 86 studies use stochastic settings,
while only 5 studies use deterministic settings, indicating that stochastic settings are widely
accepted in this field.

b. Optimization model types

Note that a model with a stochastic setting does not necessarily lead to a stochastic
optimization problem. For example, [35] considered a repairable spare parts inventory
problem with a stochastic setting, i.e., the demand for each part is a Markov-modulated
Poisson process, but the problem is formulated as a non-linear integer programming
optimization problem. In the third column of Table 8, we classify the studies based on
optimization model types. Stochastic optimization models include stochastic dynamic
programming (Markov decision process) models, stochastic programming models, and
robust optimization models. On the other hand, deterministic optimization models con-
sist of linear programming models, non-liner programming models, and mixed integer
linear/non-linear programming models. Table 8 shows that the studies using deterministic
optimization models account for a majority. There are 22 studies using stochastic opti-
mization models. Among them, very few studies use stochastic programming or robust
optimization techniques. The diversity in modeling techniques can facilitate the develop-
ment of this research area and bring more new innovative topics. Therefore, we call on
more studies to propose various stochastic optimization models. More discussion on this
future research direction will be presented in Section 4.1.4.

c.  Solution methods

The 86 studies propose various methods to solve the problems, including exact meth-
ods, approximation methods, heuristic methods, and simulation methods. Exact methods
are able to find optimal solutions or bounds on optimal solutions to optimization problems.
Large-scale optimization methods such as branch-and-bound, Lagrangian relaxation, and
Benders decomposition are also considered as exact methods. The basic idea of approx-
imation methods is that when the objective function in the studied problem is hard to
evaluate, that function can be sampled at a few points to create a fit, and optimization
is then performed on this fit. Heuristic methods are used when the problems have high
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computational complexity. They are simple and easy to implement but optimal solutions
cannot be guaranteed. Simulation methods are defined as using simulation experiments to
find the best input variable values among all possibilities without explicitly evaluating each
possibility [36]. The 86 studies adopting different solution methods are summarized in the
last column of Table 8. It should be noted that in some studies, multiple solution methods
are proposed. In this case, the papers with multiple solution methods are included in more
than one category. From the results, we can see that exact and heuristic methods are most
widely used in the reviewed literature. This indicates that most complicated problems are
solved by heuristics without any guarantees on the solution’s optimality. Hence, we call on
more research with approximation methods for solving problems in this area to provide
high-quality solutions in reasonable solution time.

Table 8. Number of studies on different prescriptive analytics characteristics.

Model Settings Model Types Solution Methods
Stochastic setting 81 Stochastic dynamic programming 19 Exact method 46
Deterministic setting 5 Stochastic programming 2 Approximation method 6

Robust optimizations 1 Heuristic method 33
Deterministic optimization model 64 Simulation method 4

3.2. Perspective of Existing Research Topics

In this section, the reviewed studies are further classified based on four research topics,
i.e., joint maintenance and inventory optimization, the spare parts inventory management
problem, supply chain network design or performance evaluation, and spare parts classifi-
cation and demand forecasting, including 52, 33, 24, and 28 studies, respectively. There are
12 studies that do not fall into these topics. Among them, seven are review papers, and the
rest investigate scattered research problems.

3.2.1. Joint Maintenance and Inventory Optimization

Joint maintenance and inventory optimization is the most studied research topic. Spare
parts inventories are provided to support maintenance operations. Due to the high inter-
action between maintenance and spare parts inventory management, the decision-maker
should consider them simultaneously [9]. On this topic, efforts are made to investigate
the performance of different combinations of inventory policies and maintenance strate-
gies. Note that several studies consider the service contracts design for after-sales services
providers [24,25,32,37].

3.2.2. Spare Parts Inventory Management Problem

Unlike final products whose inventory is provided as a source for delivery to cus-
tomers, spare parts are kept to keep products in operating conditions. The demand pattern
of spare parts is quite different from that of final products. Furthermore, spare parts
have large obsolescence risks when the supported products quit the market. Due to these
differences, the optimal policies for final products are usually sub-optimal for spare parts
inventories [3]. In addition, the repairable spare parts inventory problem is more compli-
cated than that of non-repairable spare parts, because repair operations and resources need
to be taken into consideration.

3.2.3. Supply Chain Network Design or Performance Evaluation

The studies focusing on this topic mainly design new systems implementing new
operations or technologies to manage spare parts inventories, and evaluate the resulting
performance. For example, more and more spare parts come from reusing or remanufac-
turing parts in used products. In this case, some studies try to incorporate reverse logistics
into spare parts inventory management [38,39]. Another interesting problem within this
topic is spare parts additive manufacturing. Unlike normal spare part manufacturing
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process, additive manufacturing is able to produce the parts with complex structures in
a responsive manner but with a high cost. Therefore, questions regarding when to use
additive manufacturing for producing spare parts and how to design an inventory system
suitable for spare parts additive manufacturing are worth studying. The representative
studies are [24,27,40], and readers may refer to [41] for a more detailed literature review
on additive manufacturing for spare parts.

3.2.4. Spare Parts Classification and Demand Forecast

In the reviewed literature, there are 28 studies in this category. Among them, 10 stud-
ies focus on developing various multiple-criteria classification schemes for spare parts
inventory management in different industries. In addition, 18 studies focus on spare parts
demand forecast, and many methods are proposed, including Croston’s method, Syntetos—
Boylan approximation, single exponential smoothing (SES), and bootstrapping methods.
Importantly, to integrate spare parts demand forecasting and inventory management, fore-
casting methods should be evaluated through inventory management metrics instead of
performance metrics, which are directly related to forecasting results (e.g., mean squared
error) [42]. For instance, [43] used extreme value theory to forecast spare parts demand,
and the method was evaluated by inventory performance. In addition, forecasting methods
could utilize more information from maintenance activities. For instance, [44] combined
the failure behavior of parts and the maintenance plan of equipment to predict spare parts
demand.

To further reveal the developing trend in research topics, we present the histogram
for each topic in chronological order in Figure 2. The figure clearly shows the studies on
joint maintenance and inventory optimization dominated at the beginning of the decade
for several years. Entering the year 2017, joint maintenance and inventory optimization
studies started to lose their dominant status because studies on other topics, especially
studies on spare parts inventory management problems, grew in popularity rapidly. This
trend indicates that studies on spare parts inventory management are starting to grow as
an independent research field distinct from the equipment maintenance field.
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Figure 2. Cumulative number of studies with different topics.
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4. Conclusions and Future Research

To clearly present the developing trend of spare parts inventory management research,
the reviewed studies are grouped according to the publication year. Afterwards, the number
of studies in each year is aggregated and chronically illustrated in Figure 3.

From the figure, we can see that studies on spare parts inventory management have
experienced steady growth in the last decade. This trend clearly indicates an increasing
interest in this field. In the following section, research gaps are identified and corresponding
extensions are proposed for researchers who intend to conduct further research in this area.
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Figure 3. Cumulative number of studies in spare parts inventory management.

4.1. Research Gaps and Extensions

Based on the classifications made in previous sections, we identify research gaps in the
following aspects, including reverse logistics, consumer durable goods, supply chain net-
work structure and policies, spare parts demand pattern modeling, and big data analytics
implementation. All the research gaps are summarized in Table 9.

4.1.1. Research Gaps Regarding Reverse Logistics

As environmental concerns have been increasingly growing in recent years, the con-
cept of supply chain sustainability is widely advocated for in industry and academia.
Reverse logistics (RL) is one of the most popular topics in the literature on supply chain
sustainability. RL involves operations related to the return of damaged, unsold, end-
of-life products along with handling, consolidation, remanufacturing, and disposal [38].
To be specific, RL is the process of turning the inputs such as the used products, recy-
cled materials, used parts into the outputs such as remanufactured products and spare
parts [45]. There are four key sub-processes of RL, i.e., product acquisition, collection,
inspection/sorting, and disposition [46]. Product acquisition is the first step in the RL
process, referring to the acquisition of used products, components or materials from end
users for further processing. After acquisition, returned items are collected in three ways:
OEM collects directly from the users, OEM buys back the products collected from users
by a retailer, and OEM collects products through third-party logistics [47]. The collected
items are sent for inspection, sorting, and disposition. Note that disposition decisions
including reuse, repair, remanufacturing, recycling, and disposal. For detailed definitions
of these disposition alternatives, please refer to [46]. Spare parts inventory management
has a close relationship with RL because spare parts are one of the wanted outcomes of the
RL system [45]. Based on their conditions, some of these spare parts are sent back to the
market as reused parts after inspection, cleaning, and minor maintenance; some are used
for repairing faulty products; some are sent to remanufacture new products; and some are
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recycled as raw materials. From this perspective, it is promising to explore the integration
of spare parts inventory management and RL.

Table 9. Summary of research gaps.

Research Gaps

Current Studies Future Studies

Reverse logistics

Reverse logistics has a close re-
lationship with spare parts in-
ventory management but few
studies considering it.

Even though some studies in-
corporate reverse logistics in
their problems, the considered
reverse logistics has simple set-
tings while the one in practice
has more complicated settings.

Combine various settings in
structure and more inventory
strategies with reverse logistics
relevant to spare parts inven-
tory management.

Evaluate the performance of
spare parts reverse logistics
through a product life-cycle
perspective.

Spare parts of consumer
durable goods

Few studies on the spare parts
of durable consumer goods.
Lack life-cycle planning per-
spective.

Simple warranties are consid-
ered.

Lack integration of product
marketing strategy and spare
parts inventory management.

Consider life-cycle planning
perspective

Consider advanced warranty
types of durable consumer
goods.

Integrate product marketing
strategies and spare parts in-
ventory management.

Inventory network
structure and policies

Most of studies consider single-
echelon structure and lack of
implementation of transship-
ment strategies.

Investigate and evaluate lateral
or emergency transshipments
in the multi-echelon inventory
system.

Spare parts demand pat-
tern modeling

Stationary stochastic process is
mainly used to depict spare
parts demand in the reviewed
studies.

Non-stationary stochastic pro-
cess or general probability dis-
tribution should be used.

Big data analytics

Few reviewed studies imple-
ment big data analytics (BA).

Facilitating BA in demand fore-
casting, inventory system de-
sign, and system optimization.

Among the reviewed studies, there are several studies considering reverse logis-
tics. [38] studied an uncapacitated closed-loop location inventory model in which one type
of returned products is collected and salvaged into spare parts which can be reused. [15]
dealt with a hybrid manufacturing/remanufacturing system for providing spare parts
to support the after-sales service to the products in the EOL phase. [39] considered a
single-echelon reverse supply chain where the returned products are remanufactured as
spare parts and then sent back to retailers. In their problem, new items are produced
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either from manufacturing using externally supplied materials or from remanufacturing
using returned items. [22] proposed heuristic inventory policies to control a manufac-
turing /remanufacturing system with downward product substitution. In addition, a
downward substitution strategy is used, i.e., when a lower-value item stocks out, a higher-
value item is substituted to meet the demand to reduce the stock-out cost. [48] introduced
a spare parts inventory control problem for an OEM who remanufactures spare parts from
returned products to meet warranty demand under part obsolescence.

The mentioned existing studies on RL in spare parts inventory management often
have simplified settings. More research on this topic can consider the extensions as follows.
First of all, the supply chain structure in the existing studies is quite simple: only [38] con-
sidered a two-echelon inventory network, while the other studies considered single-echelon
networks. Second, all these studies only focussed on one phase of product life-cycle, so the
change in installed base was not considered as one impacting factor of returned products
quantity. Third, various inventory strategies such as lateral and emergency transshipments
were not considered even though these strategies may improve RL performance. For exam-
ple, RL is common in electronics supply chains such as cell phone, personal computer, etc.
In these supply chains, returned products are disposed of to remanufacture new products
which can be either sold as new ones or used as replacements. Considering the worldwide
retailing network an OEM may possess, how to collect the returned products from the
retailers over different geographical regions, then dispose collected returns and use spare
parts to remanufacture new products, and finally allocate the remanufactured products to
those retailers is a relevant and challenging problem. In addition, lateral and emergency
transshipments can be used to move the remanufactured products within the retailing
network to decrease stock-out cases and customer waiting time. Lastly, it is necessary to
study how to allocate the inventory of different spare parts which are used in different
disposition alternatives. Optimal inventory policies need to be made for each type of spare
part with different disposition alternatives, so that corresponding costs are lowered.

4.1.2. Research Gaps Regarding Consumer Durable Goods

The differences between consumer durable goods and capital goods are identified in
previous contents. Based on these differences, the following research gaps are identified,
and corresponding extensions are proposed.

a.  Spare parts inventory problems of consumer durable goods

As mentioned in Section 2.1, most of the current literature targets managing the
spare parts of capital goods. The reason for this phenomenon is two-fold. Firstly, the
literature on spare parts inventory management originates from and is highly impacted by
the literature on capital equipment maintenance scheduling. Capital equipment usually
requires a high availability level. Therefore, spare parts inventory management plays
a critical role in maintenance activities because sufficient a spare parts inventory can
effectively reduce equipment downtime and improve equipment availability. Secondly,
the spare parts of capital equipment are usually high-value components with a high
specificity level. The inventory management on such spare parts is able to create significant
performance improvements in both economic and service perspectives. However, there
are very few studies focusing on the inventory problems of consumer durable goods.
Unlike capital goods, consumer durable goods usually have a shorter life-cycle and a
bigger consumer base. The inventory planning period of spare parts in consumer durable
goods is shorter and spare parts demand is more variant. The spare parts inventory of
consumer durable goods is normally held by an OEM or third-party service provider
to fulfill warranty contracts, whilst that of capital goods is held to support maintenance
services which are regulated by service contracts. Warranty contracts often do not have
specific requirements on product performance, while service contracts do. In this sense,
the spare parts inventory management of consumer durable goods is more appropriate to
be operated in a cost-minimizing manner. The aforementioned differences indicate that
existing inventory policies for the spare parts of capital goods are not likely to be optimal
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for that of consumer durable goods. New research on the spare parts of consumer durable
goods should focus on the aforementioned differences and incorporate various inventory
management operations into studied problems.

Based on these differences, two research gaps are identified as follows. The first
research gap is that the studies on managing the spare parts inventory of consumer durable
goods lack the perspective of life-cycle planning. Only one study focuses on the lifetime
spare parts procurement problem for consumer durable goods [49]. Studies on consumer
durable goods are more suitable to implement the perspective of life-cycle planning than
those on capital goods due to the following reasons. First, consumer durable goods
normally have shorter life-cycles and OEMs prefer rapid product development. In some
industries, such as electronics and telecommunications, it is common for an OEM to
finish the production processes even before the products are available in retail outlets [49].
Consequently, OEMs often cannot procure spare parts to support maintenance operations
during the product warranty time after observing the demand and subsequent return rates
of defective products. Second, for the same reason, OEMs launch new products quickly to
keep the competitive advantages of their products, leading to multiple product generations
being on the market simultaneously. When an OEM switches its production to a new
generation or a new model, suppliers incur high retooling costs to produce new parts.
In this case, due to the high setup cost, they are not willing to produce the parts in old
generations or models in another production after the first production. Therefore, the spare
parts of older products may not be available when the production of these products ceases.
In this case, OEMs need to develop a specific life-cycle spare parts managing plan for each
product generation.

The second research gap is how to manage the spare parts inventory of consumer
durable goods under warranty contracts. There are several existing studies focusing on
this topic, such as [11,13,25,50,51]. However, these studies have various settings, focusing
on different phases in the product life-cycle and considering different types of spare parts
(repairables or non-repairables), while only considering basic warranties. New studies on
exploring the spare part inventory control under advance warranty contracts are needed.
For example, extended warranties are provided by OEMs for certain prices as value-added
services and they actually generate revenue for the OEMs. Therefore, how to manage
the spare parts inventory system to support such profit-generating contracts is a critical
problem to maximize the profits. In addition, for some consumer durable goods, warranty
periods are usually restricted in two dimensions, such as the product age and usage [52].
A good example of two-dimensional warranty contracts is the automobile warranty. It
is worth investigating how to manage a spare parts inventory to support maintenance
activities under two-dimensional warranty contracts.

b.  Multiple substitutable products sharing a spare parts inventory system

Nowadays, OEMs are inclined to use product segmentation strategies in which mul-
tiple substitutable models belonging to one product category are provided to customers
from different groups. In the literature, such a product category containing several models
is normally referred as a product assortment. One real-life example of product assortment
is that one automobile manufacture sells several car models at different prices in various
markets, while these models may contain similar and different parts. In this case, the
sales quantity of each car model is highly governed by customer preferences regarding the
assortment of cars, resulting in different market shares captured by different car models.
For the spare parts which are used by different models, inventory management issues are
more complicated because the demand patterns of these spare parts are hard to model. The
car failure numbers are determined by two factors including the quantity of cars on market
and failure rate of each car model. First, the quantity of cars on the market is different
across all car models in the range. Second, in general, different car models prohibit various
failure rates because of the differences in car design, manufacturing, and usage conditions.
Consequently, the aggregated spare part demand should be estimated by taking the men-
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tioned factors into consideration. The illustrated example is not limited to the automobile
industry, and can be extended to other industries using product segmentation strategies.

4.1.3. Research Gaps Regarding Inventory Network Structure and Policies

More studies could focus on the following aspects of inventory network structure
and polices: multi-echelon spare parts inventory systems and lateral and emergency
transshipments. As discussed in Section 2.2, compared to the studies focusing on single-
echelon inventory systems, the studies considering multi-echelon inventory systems are
limited in number: There are 31 studies adopting a multi-echelon inventory setting, while
91 studies adopt a single-echelon inventory system. The multi-echelon inventory system
for managing spare parts represents a more common scenario in practice, especially for
OEMs or third-party organizations who are responsible for maintaining the products over
different geographic districts. In addition, other extensions regarding inventory policy
could be designed for multi-echelon structures. For example, the inventory pooling strategy
could be implemented in a multi-echelon system. Lateral transshipment and emergency
shipments are usually applied in a multi-echelon system. In practice, they can bring
about significant performance improvement by providing timely maintenance service.
However, the discussions in Section 2.2 illustrate that only 24 studies consider lateral or
emergency transshipment. Therefore, more studies could incorporate lateral or emergency
transshipments into their inventory systems.

4.1.4. Research Gaps Regarding Spare Parts Demand Pattern Modeling

From the perspective of modeling spare parts demand patterns, attention should be
paid to the implementation of non-stationary stochastic processes and general probabil-
ity distributions. The demand pattern of spare parts is usually intermittent and lumpy.
The studies adopting predictive analytics in the reviewed literature normally target how
to identify different demand patterns of spare parts and correctly forecast the spare parts
demands. As discussed in Section 3.1, most studies model the demand pattern of spare
parts as stationary stochastic processes such as the Poisson process by assuming that the
demand pattern, as a random variable, follows a exponential probability distribution which
does not change over planning periods. This assumption makes sense when the installed
base of the product is in a steady-state condition and the product reliability is relatively
mature [53]. In other words, the stationary stochastic process can be adopted when the
studied product is in the mature phase of its life-cycle. Modeling spare parts demand
patterns as a stationary stochastic processes can make the optimization model relatively
simpler, thus structural results might be achieved. However, the demand pattern cannot be
modeled as a stationary stochastic process when the planning horizon spans over several
phases of the life-cyle or over the entire life-cycle, because the product’s installed base
changes over different phases. Therefore, non-stationary stochastic processes or general
probability distributions should be used for modeling the demand patterns of spare parts.
As shown in Table 7 in Section 3.1, there are only 10 studies using non-stationary stochastic
processes and 20 studies using general probability distributions to capture the demand
pattern, respectively, compared to 74 papers using stationary stochastic processes. Hence,
more studies are required to extend the current literature by using non-stationary stochastic
processes and general probability distributions to model spare part demand patterns.

4.1.5. Research Gaps Regarding Implementing Big Data Analytics

Big data analytics (BA) is the study of practices, technologies and skills to evaluate op-
erations and strategies to obtain insights and offer guidance to the business planning of an
organization [54]. Such evaluation is done for product development, strategic management,
and customer services by utilizing evidence-based data, statistical and operations analysis,
predictive modeling, forecasting, and optimization techniques [55]. There is a clear gap
in the reviewed literature in that BA is barely used, and this research area can be further
enriched by implementing BA in several interesting aspects including demand forecasting,
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inventory system design, and inventory system optimization. The typical literature of
spare parts inventory management mainly focuses on managing at most a hundred kinds
of spare parts in the inventory, while it is common to see more than thousands of spare
parts held in practice. There is only one paper proposing a smart spare parts inventory
management system in a semiconductor company for obtaining more information which
can be used in BA [56]. The reason behind this phenomenon is that the computation
capacity is limited when a huge number of spare parts are considered in the demand
forecasting or optimization processes. Therefore, classic statistics or optimization methods
are not applicable when faced with a large spare parts inventory to manage. In this case,
BA is useful when massive data are available. More research can be performed regarding
how to build a smart system adopting BA to manage the spare parts inventory.

4.2. Concluding Remarks

In this review, 142 studies on spare parts inventory management have been surveyed
and classified. Our review has the following distinct features. Firstly, it provides a quick
guide to a variety of classification schemes for spare parts inventory management literature.
Two different typologies are used for the literature classification. One typology classifies
the literature based on systematic characteristics of spare parts inventory systems, while
the other typology is based on research methodologies and topics. Importantly, we classify
the research methodology from the perspective of supply chain analytics. Existing studies
using descriptive, predictive, and prescriptive analytics are identified. Secondly, this review
presents a big picture on spare parts supply chains to discuss the studies on spare parts
inventory management. This big picture links the vital aspects related to managing a spare
parts inventory, such as product and spare part types, after-sales services, maintenance
operations, inventory management strategies and policies, supply sources, and demand
patterns, etc. Finally, research gaps and extensions are discussed. Among the discussed
gaps, we emphasize combining spare parts inventory management with reverse logistics.
This gap is worth exploring, since more and more manufacturers are starting to collect the
used products from customers for the purpose of reusing or remanufacturing.

The studies in this research field have been experiencing steady growth in the last
decade. Researchers have put plenty of effort into the study of spare parts of capital goods.
We expect to see more studies on managing the spare parts of durable consumer goods.
Moreover, new supply chain concepts such as reverse logistics and supply chain analytics
bring new avenues to this field, but have to be tested and evaluated through more studies.
One promising area for future research could be the study which combines the supply
chain inventory management problem with big data analytics. Big data analytics could
contribute to many aspects such as spare parts demand forecasting, spare parts inventory
system optimization, and spare parts classification, when a large number of spare parts
need to be managed. The second area will be how to integrate spare parts inventory
management with supply chain sustainability concepts such as additive manufacturing
and the circular economy.
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