
The influence of additive manufacturing on the configuration of make-to-order spare parts supply chain under heterogeneous demand

Abstract 
Additive manufacturing (AM), alongside technological developments, has been used in the production of spare parts with positive results for spare parts supply chains. In this study, we investigate spare parts supply chains serving heterogeneous demands from multiple service locations under the mode of make-to-order. We aim to compare different configurations (i.e., centralized and distributed) of spare parts supply chains in terms of their performance (e.g., sojourn time and cost) and to further propose suggestions to better configure AM-based spare parts supply chains by effectively allocating AM machines at service locations (SLs) or regional distribution centers (RDCs). In order to realize these research objectives, simulation approach is used as the main research method. Different from the existing perception, our results illustrate that the distributed deployment of AM machines does not always guarantee a quick response, and that centralized configuration is desirable when the demand rate is relatively high due to the pooling effect. The distributed configuration, however, can still be suitable, considering the development of AM technology. Our results also indicate the possibility of a mixed configuration of AM-based supply chains with the potential for outperforming the purely centralized/distributed configuration. The criteria to design such a mixed configuration are also offered.   
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1. Introduction
[bookmark: OLE_LINK43][bookmark: OLE_LINK44][bookmark: OLE_LINK67][bookmark: OLE_LINK68]In the context of a spare parts supply chain, customer service is always about meeting customers’ demands reliably and consistently to keep their equipment in operational condition. Maintenance, repair and operations (MRO) are closely tied to the accessibility of appropriate spare parts whenever a customer requires them (Khajavi et al. 2014). Thus, a spare parts supply chain is different from other supply chains in several ways (Huiskonen 2001). First, the demand for spare parts may be extremely sporadic and difficult to forecast. For instance, Airbus in Hamburg-Fuhlsbuttel holds the inventories of more than 120,000 parts with 80% of them only being required a few times a year (Holmström et al. 2010). Second, service requirements are higher, as the effects of stock-outs may be financially significant. Thus, companies typically hold a relatively large inventory of parts close to the consumption locations. Nevertheless, the large proportion of slow-moving spare parts causes high-level inventory as well as associated holding and capital costs. It is estimated, for example, that the annual spare parts inventory cost for a worldwide MRO market of commercial jet aircraft is as much as US$7.5 billion or roughly US$400,000 per aircraft per year (Kilpi et al. 2009; Holmström et al. 2010). It is thus inevitable for many original equipment manufacturers (OEMs) to face a trade-off between a quick response and a high inventory cost. In this case, the ability to supply spare parts with high fulfillment rates at low costs becomes both a strategic opportunity and a challenge for many OEMs (Wise and Baumgartner 1999; Markillie 2012). In order to enhance this ability, companies have been trying to use different technology (e.g., enterprise resource planning—ERP) in the past few years. Today, the development of additive manufacturing (AM) further creates an opportunity to manufacture spare parts on demand to improve supply chain dynamics (Liu et al. 2014). 
[bookmark: OLE_LINK16][bookmark: OLE_LINK30][bookmark: OLE_LINK80][bookmark: OLE_LINK81]Originated in the 1980s, AM consists of a collection of technologies that are able to make three dimensional (3D) objects by adding materials layer by layer on the basis of computer-aided design (CAD) models, as opposed to subtractive manufacturing methodologies (ASTM 2012; Khajavi et al. 2014). Described as “the next industrial revolution” (Berman 2012; Economist 2012), AM technology is developing rapidly, and its applications have brought widespread changes in many industries, such as customized products (Hennessey 2013; Bogers et al. 2016), health care (Dentistry 2011; Sedacca 2011), food (Jia et al. 2016; Holland et al. 2018), aircraft (Liu et al. 2014; Khajavi et al. 2014; Wagner and Walton 2016), and logistics (Boon and Wee 2017). Because it creates objects in distinctive ways, AM is more suitable for producing products that are small in volume, complex in structure, and have an uncertain demand, compared to conventional manufacturing methods; these features benefit production in many ways, such as a short setup time, reduced waste of raw materials, and a low-cost production line construction and tool development (Hopkinson and Dickens 2003). Furthermore, AM provides the opportunity to reduce the tires of conventional supply chain and change the supply chain configuration, since, in a supply chain adopting AM, products can be manufactured on demand, near the service locations, and within a short period of time (Reeves 2008); they no longer need to be transported to distributors or retailers after being produced by manufacturers (see Liu et al. 2014; Li et al. 2017). These characteristics suggest that AM can have crucial implications for the configurations of spare parts supply chains. 
[bookmark: OLE_LINK33][bookmark: OLE_LINK34]A number of studies have discussed ways to configure a spare parts supply chain when adopting AM (Walter et al. 2004; Holmström et al. 2010; Khajavi et al. 2014; Liu et al. 2014; Li et al. 2017). An important research stream involves comparing different supply chain configurations (traditional, centralized, and decentralized) in terms of aspects such as the inventory, life-cycle costs, and environmental effects. This study also aims to compare different configurations of spare parts supply chains in terms of their performance (e.g., sojourn time and cost), and further propose criteria for better configuring AM-based spare parts supply chains through an effective allocation of machines within supply chains. However, different from the existing studies, this study mainly focuses on spare parts supply chains that serve heterogeneous demands from multiple service locations (SLs), with spare parts being produced under make-to-order mode. In fact, the heterogeneous demands for spare parts and make-to-order modes reflect real situations more appropriately, but they have scarcely been addressed in previous research. To the best of our knowledge, this study is one of the first attempts that discusses the configurations of AM-based spare parts supply chain in such a more realistic context.  
The rest of paper is organized as follows. Section 2 reviews the relevant literature. Section 3 introduces the simulation model and the methodology used in this paper. Section 4 presents the findings of our simulations and the results of sensitivity analysis. Section 5 explores the criteria of allocating AM machines within a spare parts supply chain to improve supply chain performance. This paper ends by discussing the main results, presenting the limitations, and recommending future work directions.

2. Literature review 
2.1 AM and spare parts supply chain
[bookmark: OLE_LINK49][bookmark: OLE_LINK52]Spare parts supply chain management needs to reduce operating costs while keeping the customers’ satisfaction at an acceptable level (Andersson and Marklund 2000). In other words, demand unpredictability needs to be overcome (Simao and Powell 2009), and decisions ought to be made concerning trade-offs between operating costs, inventory levels, and delivery times (Huang et al. 2013; Liu et al. 2014). The development of AM technology offers the potential to mitigate the problems associated with demand unpredictability and shorten delivery times by enabling production to be near consumers (Thomas and Gilbert 2014). It also helps to replace the inventory storage by on-demand manufacturing, leading to a reduction in inventory costs (Peres and Noyes 2006). 
[bookmark: OLE_LINK88][bookmark: OLE_LINK89][bookmark: OLE_LINK56][bookmark: OLE_LINK57][bookmark: OLE_LINK90][bookmark: OLE_LINK91]A growing body of literature has drawn attention to the adoption of AM technology in the context of spare parts supply chain. One stream of the literature addresses the technical problems relevant to process design, which currently prohibit the wide adoption of AM, such as process selection, data pre-processing, part-to-AM printer planning and scheduling, and security management (Lan 2009; Ransikarbum et al. 2017; Ha et al. 2018). Even when these issues are resolved, spare parts supply chain still needs to be properly configured to make the best use of AM technology. Hence, the other stream of the literature focuses on how to configure a spare parts supply chain when adopting AM (see Table 1). Wsalter et al. (2004) and Holmström et al. (2010) propose two approaches to integrate AM into a spare parts supply chain. The first approach is to use centralized AM capacity to replace inventory holding. In this approach, AM machines are allocated in centralized distribution centers to produce slow-moving spare parts on demand. This approach is desirable when a limited number of parts is needed, and the required response time is not critical. The second approach (i.e., the distributed deployment of AM machines at each service location) is suitable when the demand of AM-producible parts is sufficiently high to justify the capital investment. These studies generally show that distributed deployment is superior to centralized one, but more research is still required to better compare different supply chain configurations in terms of various performance objectives. 
[bookmark: OLE_LINK92][bookmark: OLE_LINK93]In this case, Khajavi et al. (2014) discuss the potential impact of AM adoption on the configuration of spare parts supply chains based on scenario modeling of the spare parts supply chain of the F-18 Super Hornet fighter jet. Liu et al. (2014) evaluate the impact of AM in the aircraft spare parts supply chain based on supply chain operation reference model. They compare three supply chain configurations: (a) conventional (as-is) supply chains, (b) centralized AM supply chains, and (c) distributed AM supply chains. They show how the use of AM offers various opportunities to reduce the required safety inventory of aircraft spare parts in the supply chain. A similar comparison can also be found in Li et al.’s (2017) study. Based on system dynamics simulations, they specifically compare three supply chain configurations in terms of total variable costs and carbon emissions. More recent studies further demonstrate the superiority of adopting AM in a spare parts supply chain. For example, using a joint economic lot-sizing model, Ashour Pour et al. (2017) compare the traditional two-level supply chain with an AM-based model in terms of total system costs. They conclude that AM adoption adds flexibility to the whole system. Based on an econometric model, Muir and Haddud (2017) investigate the possible impact of AM adoption on inventory performance and customer satisfaction of a spare parts supply chain. The results reveal that AM has the potential to improve a firm’s inventory performance, with limited impact on customer satisfaction, though. This study aims to contribute to this stream of the literature by further comparing different configurations of spare parts supply chains in more realistic contexts. 

[bookmark: OLE_LINK94][bookmark: OLE_LINK95]Table 1. Studies comparing the configurations of spare parts supply chains when adopting AM.
	Literature
	Method
	Highlights

	Walter et al. (2004)
	Qualitative analysis
	· [bookmark: OLE_LINK71][bookmark: OLE_LINK72]Comparison of two supply chain configurations (centralized and decentralized) when adopting AM 

	Holmström et al. (2010)
	Qualitative analysis
	· Comparison of two supply chain configurations (centralized and decentralized) when adopting AM

	Khajavi et al. (2014)
	Scenario modeling
	· Comparison of four scenarios in two dimensions (AM technology and supply chain configuration) in terms of costs
· Homogeneous demand and make-to-inventory

	Liu et al. (2014)
	Analytical
analysis
	· Comparison of three supply chain configurations (conventional, centralized adopting AM, and decentralized adopting AM) in terms of safety inventory levels
· Heterogeneous demand and make-to-inventory

	Li et al. (2017)
	Simulation
	· Comparison of three supply chain configurations (conventional, centralized adopting AM, and decentralized adopting AM) in terms of costs and carbon emissions
· [bookmark: OLE_LINK73]Homogeneous demand and make-to-inventory

	Ashour Pour et al. (2017)
	Analytical
analysis
	· Comparison of two supply chain configurations (adopting conventional manufacturing technology and AM, respectively) in terms of costs
· Homogeneous demand and make-to-inventory

	This study
	Simulation
	· Comparison of two supply chain configurations (centralized and decentralized) when adopting AM
· Heterogeneous demand and make-to-demand
· Propose principles to conduct mixed configurations



2.2 Gaps identified in the existing literature
Table 1 summarizes several studies that compare the performance of supply chains with different configurations when adopting AM. Two supply chain configurations (i.e., centralized and distributed) are normally discussed and compared. Nevertheless, most of these studies are based on the assumption that demands from multiple SLs are homogenous. They pay little attention to the deployment of AM in a spare parts supply chain when facing diverse demands, although in practice a spare parts supply chain often deals with many types of spare parts demands at once, which are different in terms of e.g. the demand arriving rate, processing time, and lead time (Kilpi et al. 2009; Liu et al. 2014). To our knowledge, Liu et al. (2014) is the only study that considers heterogeneous demand when addressing the adoption of AM in spare parts supply chain. However, it assumes that spare parts are make-to-stock rather than make-to-order. In fact, most of the existing studies tend to adopt the same assumption. Nevertheless, make-to-order might be practically more appropriate and can better reflect the reality. The production of spare parts has to share the limited production capacity to cope with the limited number of machines. Finally, most of the existing studies only address the deployment of AM machines in different tiers of supply chains (i.e., centralized or distributed), and compare the impacts of different configurations on multiple performance dimensions. There is a lack of knowledge about how to configure AM-based spare parts supply chain by effectively deploying machines between regional distribution centers (RDCs) and SLs. In order to fill these gaps, this paper investigates spare parts supply chain, serving for heterogeneous demands from multiple SLs under the mode of make-to-order. The objectives of this paper are to compare different configurations of spare parts supply chains when adopting AM in terms of their performance, such as sojourn time and costs, and to further propose suggestions to better configure AM-based spare parts supply chains by effectively allocating AM machines.
Moreover, as noted earlier, different methods have been applied to facilitate the adoption of AM in spare parts supply chain. However, most of the existing studies rely on qualitative, analytical, and optimization analyses. These analyses mainly focus on the steady state of a queuing system, but cannot reflect the process that the system approaches to the steady state. In these analyses, it is generally difficult to judge the rate at which the system reaches the steady state. Such drawbacks can however be avoided by using simulation method, which can capture all details of the system operations. In addition, compared to other kinds of analyses, the comparison of results derived from simulation is much more straightforward, which leads to mores concise conclusions. Under the help of simulation, we are able to compare supply chain performance under varying conditions and summarize general principles regarding the allocation of AM machines in supply chains. Thus, this study will adopt simulation as the main research method.

3. Simulation model
This study chooses simulation as the main research method to investigate the configurations of AM-based spare parts supply chains, serving heterogeneous demands from multiple service locations under the mode of make-to-order. However, considering the adoption of AM in spare parts supply chains is still at an early stage, it is relatively difficult to identify case examples from practice and obtain first-hand data. In this case, we adopt the data in the existing literature (Allen 2006, 2011; Liu et al. 2014; Abbink, 2015; Li et al., 2017) that are obtained and modified from practical AM production processes.  

3.1 Simulation background
[bookmark: OLE_LINK6][bookmark: OLE_LINK7][bookmark: OLE_LINK8][bookmark: OLE_LINK9]The situation discussed in this paper addresses the features of multiple spare parts demands and comparison of supply chain configurations (also see Liu et al. 2014). Given the challenge of accessing first-hand operating data of practical spare parts supply chain, we in this study adopt the hypothetical model from Liu et al. (2014) (see Figure 1) and build a spare part supply chain, containing a Regional Distribution Center (RDC), which serves four service locations. For each service location, there are six kinds of spare parts demands, varying in terms of production time and arrival rate. The basic information of six spare parts is from Allen (2006, 2011). Adopting the method used by Liu and colleagues (2014), we calculate the production time of each spare part. The EOS M270, a direct metal laser machine, is assumed to conduct the production at the rate of 0.055 months/kg (Allen, 2011). Since our study considers the mode of make-to-order, suitable for low volume and less frequently used parts, we scale the demand information from Liu et al. (2014) by dividing the demand by 10. Then, using the modified demands, we calculate the mean arrival rate of each demand. Tables 2, 3 and 4 show the production information, logistics information, and demand information of six spare parts.
[image: ]
Figure 1. Spare parts supply chain.

Table 2. Production information of spare parts. 
	Part
	Name
	Part Weight (kg)
	Production Time (Month)

	1
	Intercase
	30
	1.65

	2
	Simple Duct Flange 1
	11.14
	0.613

	3
	Simple Duct Flange 2
	 7.66
	0.421

	4
	Complex Duct Flange 1
	 7.65
	0.421

	5
	Complex Duct Flange 2
	10.28
	0.565

	6
	Large Blisk
	97
	5.335



[bookmark: OLE_LINK13][bookmark: OLE_LINK15]Table 3. Logistics lead time information (unit: month) (modified from Liu et al. 2014).
	
	SL1
	SL2
	SL3
	SL4

	RDC
	0.162
	0.148
	0.157
	0.136



Table 4. Demand (arrival time interval) information (unit: month) (modified from Liu et al. 2014).
	Part
	SL1
	SL2
	SL3
	SL4

	1
	  3.750
	  6.000
	  6.000
	  3.797

	2
	  0.613
	  0.632
	  0.629
	  0.598

	3
	  1.010
	  1.034
	  0.940
	  1.003

	4
	  2.041
	  2.586
	  2.128
	  1.765

	5
	  2.479
	  2.419
	  2.586
	  2.655

	6
	12.500
	12.000
	12.500
	13.043



Cost is one of the major concerns for researchers at the early stage of AM adoption. Cost models have been established from different perspectives, such as activity-based and time-driven costs estimations. Multiple categories of costs are also considered, including capacity-building costs, material costs, machine/manufacturing costs, inventory costs, logistics costs, overhead costs, labor costs, and post-processing costs (Hopkinson and Dickens 2003; Ruffo et al. 2006; Tuck and Hague 2006; Ruffo and Hague 2007; Atzeni and Salmi 2012; Lindemann et al. 2012; Rickenbacher et al. 2013; Khajavi et al. 2014; Schröder et al. 2015; Baumers et al. 2016; Thomas, 2016; Baumers et al. 2017). Costabile et al. (2017) provide a comprehensive review of AM cost models by explicitly summarizing the advantages and disadvantages of the previous studies. 
In this study, due to limited access to primary data, the costs parameters draw on the existing literature, surveys and estimations. Our calculations incorporate three types of cost, namely waiting penalty costs, machine-related costs, and logistics costs. First, similar to back order—when inventory is unavailable—and based on downtime of the machines, we calculate the waiting penalty costs, which are equal to a total sojourn time of the spare parts. As discussed in previous literature, the downtime cost varies in different industries, ranging from several hundred euros per part per day to several thousand euros per hour (Abbink 2015). The downtime costs of some industries (e.g., the semiconductor) are generally higher than other industries (e.g., road transportation). Thus, our estimation considers waiting penalty costs at three levels: low, medium, and high. Table 5 displays the cost parameters referred to in this study, which are modified from Abbink’s (2015) study by dividing the annual costs by the monthly costs. In addition, it is assumed that the waiting penalty costs for different spare parts are the same, mainly because the absence of any spare parts would result in downtime. 
Second, the primary purpose of our study is to compare the performance of different supply chain configurations, rather than analyzing cost structure in detail. Thus, we aggregate the machine-related costs into an aggregate cost parameter. The total costs related to machines operations are sensitive to the number of machines held in the supply chain and can incorporate both variable costs, i.e. labor and material costs, and fixed costs, i.e. maintenance and depreciation costs. In general, the variable costs tend to be significantly lower than the fixed costs (Abbink 2015). Besides, when serving the same demands, machines normally consume almost the same amount of materials and labor, irrespective of how they are organized in terms of configurations. Thus, this study excludes discussions on variable costs because they have limited impacts on the performance comparison of different supply chain configurations. In other words, the machine-related costs in this study mainly include the fixed costs of a machine. In doing so, we can also keep our AM cost structure as clear as possible. Among the two kinds of fixed cost, the depreciation cost of a machine, which depends on the purchase cost and the lifetime of a machine, is the biggest driver for both fixed costs and machine-related costs. In contrast, the maintenance cost only accounts for a small proportion of the fixed costs, and it is normally assumed to be a constant on a yearly basis (Roland Berger 2013). Therefore, in this study, we consider annual fixed machine-related costs. The relevant data are adapted from Abbink (2015), which varies from 40-170 thousand euros, with an average of 80 thousand euros. 
Finally, as noted previously (e.g., Thomas 2016; Li et al. 2017), logistics costs are a relatively small part, compared to waiting penalty costs and machine costs. In this study, we use the data from Thomas’s (2016) and Li et al.’s (2017) studies, and assume that the logistics costs are 2.5 euros per part per day. Table 5 summarizes the cost parameters used in this study. 

Table 5. Costs parameters (adapted from Abbink 2015, Thomas 2016, and Li et al. 2017).
	Cost (thousand euros)
	High Level
	Medium Level
	Low Level

	Waiting Penalty Costs
(per part per month)
	52500
	6666.67
	10.5

	Machine-Related Costs
(per machine per month)
	           14.17
	       6.67
	   3.33

	Logistics Costs
(per part per day)
	[bookmark: OLE_LINK35][bookmark: OLE_LINK36]               2.5x10-3



3.2 Supply chain configuration
Two supply chain configurations can be identified for AM-based spare parts supply chains (i.e., centralized configuration and distributed configuration) (Walter et al. 2004; Holmström et al. 2010; Li et al. 2017). The main difference between them is whether AM machines are allocated at RDCs or SLs:  
· Centralized Configuration: AM machines are allocated at the centralized RDC. All the demands are fulfilled by the centralized production. Afterwards, the spare parts are delivered to the SLs.
· Distributed Configuration: No centralized production is established, and RDCs do not act as distributors. All AM machines are allocated at SLs, which produce spare parts for their own demands. Since the machines are allocated locally, transportation is not needed, and all the finished spare parts can be put into use immediately. 
Location of AM machines determines the total sojourn time. Defined as the total time spare parts sojourn in the manufacturing system, sojourn time is the lead-time for meeting spare parts demand, and it consists of the queuing time, manufacturing time, and logistics time. Sojourn time is normally associated with waiting penalty costs and logistics costs; it is also a key indicator of supply chain efficiency. In general, the centralized configuration can utilize the production capacity of AM machines more efficiently; however, this configuration also implies more logistics time and transportation fees (Holmström et al. 2010; Khajavi et al. 2014; Liu et al. 2014). In contrast, the distributed configuration eliminates transportation and reduces the total sojourn time. However, it might need many more AM machines, compared to the centralized configuration, since each SL needs to own at least one machine. In addition, due to the distribution of AM machines, it is not possible to take advantage of sharing the centralized manufacturing capabilities in the distributed configuration. Thus, our study aims to compare these two configurations of spare parts supply chains, serving heterogeneous demands from multiple service locations under the mode of make-to-order in terms of their performance, such as sojourn time and cost; it also aims to figure out how to make the best use of both configurations. 

3.3 Manufacturing process and simulation tool 
To capture the features of make-to-order and AM flexibility, we model the manufacturing process as a queuing system (Abbink 2015; Song and Zhang 2016). In the scenario above, there are six kinds of spare parts and four SLs. Each SL needs spare parts with different frequencies. As a result, there are 24 different kinds of demands in total. We further model the arrival of spare parts demands as a Poisson process with a different arrival rate:

This is suitable to capture the low-volume and uncertain characteristics of spare parts demand (Gupta and Benjaafar 2004). As for the service time, the AM machine provides service with a constant service rate of 0.055 months/kg (Allen 2011), and the production time depends on the spare parts’ weight (i.e., spare parts with heavier weight require longer production time). Table 1 shows the relevant information.
[bookmark: OLE_LINK10][bookmark: OLE_LINK11]In a spare parts supply chain, the whole process can be divided into several phases, including demand generation, waiting in the queue, manufacturing process, and transportation process. Once the spare part demand is generated, the demand information is transferred to the RDC or SLs, depending on which configuration is adopted. The manufacturing process can begin as long as the AM machines are available. Otherwise, the demand has to wait in the queue until machines are available. The server (AM machine) produces the spare parts using deterministic manufacturing time, which mainly depends on the spare parts’ weight and machines’ manufacturing capability. In short, the manufacturing process is an M/D/n (more than one server in general) queuing system with multi-level arrival rates (Song and Zhang 2016). The AM machines provide service following FIFO (first input first output) rule. When the manufacturing process ends, the spare part proceeds to the next phase (i.e., transportation) if it is not manufactured locally. The key difference between the centralized and distributed configurations is the logistics process, which significantly affects the supply chain performance in terms of the total sojourn time. 
We use the SimEvents to simulate the spare parts supply chain. SimEvents is a toolbox of Matlab/Simulink to simulate the discrete time system with queues and servers. We choose this discrete event simulation method mainly due to the setting and purpose of this study. On the one hand, the setting of this study is a make-to-order spare parts supply chain, which can be viewed as a typical service queuing system, with a newly generated demand of spare parts as the input and the finished spare parts as the output. Thus, it is more suitable to be simulated by the discrete event technique, as suggested in many studies, such as Nicol (1988) and Law et al. (1991). On the other hand, the purpose of this study is to compare the performance of supply chains with different configurations when adopting AM. In accordance with such a purpose, simulation is mainly used to reflect the queuing system and obtain system performance. In this case, the discrete event technique is more suitable than other simulation techniques, such as agent-based simulation and system dynamics. The main usage of agent-based simulation is to search for insights into the collective behavior of agents obeying simple rules, rather than into designing agents or solutions for specific practical or engineering problems (Niazi and Hussain 2011). System dynamics, on the other hand, is widely used to analyze a complex system, in which a range of different elements interact with each other (Angerhofer and Angelides 2000). It certainly offers the advantage of analyzing the dynamics of supply chains. However, bearing in mind that this study does not aim to explore the mechanisms behind complex interactions, it is not efficient to build sophisticated simulation models based on system dynamics to compare performance between supply chains with different configurations when adopting AM. Thus, agent-based simulation and system dynamics are not suitable for this study. 
Consistent with the four phases of the operations process of a spare parts supply chain, the simulation model developed in this study also includes four subsystems: demand generation subsystem, queuing subsystem, manufacturing subsystem, and transportation subsystem, aided by an assistance part: 
· [bookmark: OLE_LINK47][bookmark: OLE_LINK48]Demand generation subsystem: A Time-based Generator block generates entity (demand) and the time interval of entity generation follows exponential distribution that simulates the demand arrival process. Then the entity proceeds into Set Attribute block to receive service (manufacturing) time.
· Queuing subsystem: Before the entity goes to the sever to receive service, it may wait in the FIFO Queue until servers are available. The model follows the “First Input First Output” rule.
· Manufacturing subsystem: Once the entity exits the queue, it enters into the Sever and sojourns there according to its manufacturing time, which is definite and set in the Set Attribute block.
· Transportation subsystem: After the manufacturing process, the entity is transported to the Service Location if it is produced in RDC, which is represented by the Entity Sink block. The transportation is depicted as a queuing system as well, and the sojourn time of the entity at the Sever block equals the logistics time. No constraint is set on the transportation service capacity, meaning that spare parts are transported once they are produced.
· [bookmark: OLE_LINK59][bookmark: OLE_LINK60]Assistance part: Some parts are used to record the system performance. For example, Starter Timer and Reader Timer are used to capture the entity’s sojourn time in the queuing and manufacturing process. Work to Space blocks are also used to obtain some statistics of the system performance, including the utilization, average waiting time, length of the queue, etc.  
Figure 2 illustrates the queuing system we adopt regarding the centralized supply chain configuration. Concerning the model for distributed configuration, the logic remains the same as Figure 2, except for the fact that the transportation process is eliminated. In Figure 2, we only show two types of spare part demand, while the full version of the model displays 24 (4 x 6) different kinds of demand. Based on the queuing system, we adjust the types of demand and the number of servers to reflect the serving processes of two supply chain configurations. Due to constraints of space, the figure only includes the main functional modules of the simulation model. In all simulation runs, the simulation time is set as 200 (months), capturing the lifetime of AM machines.  
[image: ]
Figure 2. Simulation model formulation.

4. Results 
4.1 Sojourn time comparison 
The total sojourn time includes three parts, namely waiting time in the queue, manufacturing time, and logistics time. We compare two supply chain configurations in terms of their average sojourn time under the same number of AM machines (N=16). In the centralized configuration, all the machines are allocated at the RDC. In the distributed configuration, the same number of AM machines (i.e., four machines) is allocated to each SL to avoid differential performance, arising from varying manufacturing capabilities. The choice of 16 machines is based on a trial and error process, which is similar to the sensitivity analysis presented in Section 4.3.3. With 16 AM machines, a supply chain can achieve similar performance on sojourn time, irrespective of whether it is configured in a centralized or distributed manner. If the supply chain holds fewer AM machines, the centralized configuration will obviously become superior in terms of sojourn time; if it holds more, the distributed configuration will be significantly better. Therefore, we choose such a critical number of machines as the starting point of our analysis and further complement it with the sensitivity analysis elaborated in Section 4.3.
Table 6. Spare parts average sojourn time (unit: month) comparison.
	Centralized Supply Chain
	Distributed Supply Chain

	Part
	SL1
	SL2
	SL3
	SL4
	Part
	SL1
	SL2
	SL3
	SL4

	1
	1.8654
	1.8472
	1.8951
	1.8701
	1
	2.0436
	1.9087
	1.6837
	1.7501

	2
	0.8552
	0.8422
	0.8893
	0.8663
	2
	0.9102
	0.8226
	0.6891
	0.7097

	3
	0.64
	0.6424
	0.6883
	0.6612
	3
	0.6722
	0.6779
	0.5364
	0.5249

	4
	0.6377
	0.631
	0.6822
	0.6561
	4
	0.6853
	0.6904
	0.5364
	0.5164

	5
	0.7856
	0.7687
	0.8219
	0.7988
	5
	0.867
	0.8284
	0.6027
	0.7654

	6
	5.5372
	5.5398
	5.5775
	5.5593
	6
	5.568
	5.5069
	5.4219
	5.3812


[bookmark: OLE_LINK3][bookmark: OLE_LINK4]
Table 6 summarizes the averaged sojourn time of each spare part from different SLs in centralized and distributed configurations. Contrary to the existing results (e.g., Walter et al. 2004; Khajavi et al. 2014), our simulation results reveal that the distributed configuration with reduced supply chain tires does not always lead to a quick response (see columns SL1 and SL2 in Table 6). As illustrated in the table, in some conditions, the centralized configuration actually delivers spare parts faster than the distributed configuration, which contrasts the findings in the previous literature (Holmström et al. 2010; Liu et al. 2014). A possible explanation can be the pooling effect of production capacity, derived from the centralized configuration. In the centralized configuration, the possibility that machines are idle is greater when new demand arrives, since there are more machines allocated in the RDC. In other words, in the centralized configuration, idle production capacity can be more efficiently utilized, which further results in shorter queue length and fewer entity waiting in the queue (see Appendix 1). 

[bookmark: OLE_LINK102][bookmark: OLE_LINK103]4.2 Cost comparison
Appendix 2 presents the total costs for both centralized and distributed configurations over 200 months, which roughly capture the total costs involved within the lifetime of an AM machine with different cost parameters. As mentioned in Section 3.1, the penalty costs are calculated as the product of the total sojourn time and the unit waiting penalty costs. The machine costs are calculated as the product of the number of machines, the simulation time, and the unit machine costs. The total logistics costs are the product of unit logistics costs and the logistics time.
[bookmark: _GoBack]According to Appendix 1, the difference between total sojourn times of centralized and distributed configurations is no more than 0.5% ((2645.0603-2633.478)/2633.478), but it can lead to a huge difference in total costs (e.g., a hundred million euros as shown in Appendix 2). In other words, the efficient allocation of AM machines is vital to determine the total costs, and the appropriate configuration helps to achieve cost-effectiveness. More specifically, if analyzing cost structure according to Appendices 2 and 3, it is possible to see that the waiting penalty costs are absolutely dominant in the scenarios where the unit downtime waiting penalty costs are high or at a medium level; this is where the machine costs account less than 1%. The situation, however, is different when the waiting penalty costs are at a low level. In this case, the machine costs cannot be negligible, and they range from 27% to 62% in the total costs, depending on different equipment purchasing costs. As for the logistics cost, it counts only 34.321 thousand euros. Compared with the other two types of cost, it is a relatively small part and not crucial to determine the total costs. In other words, the allocation of AM machines and the selection of configurations largely depend on waiting penalty costs. When facing high waiting penalty costs, it is advisable to incorporate more machines if possible, or centralize machines in RDC to shorten the sojourn time. In the case of low penalty costs, a trade-off needs to be made between the machine costs and the waiting penalty costs to determine the number of machines and facilitate their allocation in terms of two configurations. 

4.3 Sensitivity analysis
In this section, we conduct a sensitivity analysis to further investigate the impacts of production rate, arrival rate, and the number of machines on both sojourn time and cost performance. In doing so, we expect to further understand the strengths and weaknesses of different supply chain configurations under various conditions. 

4.3.1 Technology development (production rate of AM machines)
[bookmark: OLE_LINK118][bookmark: OLE_LINK119]The production capability of AM machines is a key indicator of the development of AM technology. In this section, we first compare sojourn time performance of different configurations under nine different production rates, which are adjusted according to the initial production rate by increasing or decreasing 20%, 15%, 10% and 5%, respectively. The results (see Figure 3) indicate that along with the development of technology, distributing the AM machines at the SLs is more efficient. When AM is at its infant stage with a low production rate, the centralized configuration is obviously superior to the distributed one, as the finite number of available machines at the SLs creates a bottleneck for quick response and can cause severe congestion in the supply chain. When production accelerates, the problem caused by long logistics time becomes more critical for the centralized configuration, mainly because the proportion of logistics time in total time becomes larger. In summary, when AM technology develops to achieve higher production rate, it is more appropriate to switch the supply chain from the centralized configuration to the distributed one. 
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Figure 3. Sensitivity analysis of averaged sojourn time: varying production rate.
Concerning costs, the development of AM technology impacts both the waiting penalty costs—that are determined by the sojourn time—and the machine-related costs (Khajavi et al. 2014). To understand the impact of technology development on the machine-related costs, we roughly base our calculations on production variance. The basic criterion is that the machine-related costs should decline along with the development of AM technology and increase in production rate. It is roughly estimated in this study that the percentage at which the production rate increases equals the percentage at which the machine-related costs decrease. For instance, when the production rate increases 15%, the machine-related costs drop to 85% of the original costs. Appendix 4 shows the specific date about waiting penalty costs and machine costs under varying production rates. Since logistics costs are not affected by the production rate, the explicit data have been excluded from Appendix 4. The general trend of cost structure involves a decrease in the percentage of waiting penalty costs alongside an increase in production rate; this illustrates that technological developments brings more reduction to waiting penalty costs, compared to machine-related costs. Higher production speed and inexpensive equipment purchasing costs cause the gap in costs between the two configurations to widen; this creates valuable opportunities to incorporate more machines in the supply chain and allocate them locally in SLs to further reduce the total operating expenditure.

4.3.2 Demand features (arrival rate)
[bookmark: OLE_LINK120][bookmark: OLE_LINK121]The frequency by which the spare parts are needed—the demand arrival rate—is a fundamental factor that affects the system performance. This section discusses the relationship between performance and demand characteristics, especially the demand arrival rate. Figure 4 shows the averaged system sojourn time with various demand rates, which are increased or decreased 20%, 15%, 10% and 5%, respectively, according to the initial demand rate. As Figure 4 suggests, addressing frequent demands poses a challenge for the distributed configuration. When the demand arrives much frequently, the supply chain with a distributed configuration performs less effectively than the one that is centrally configured. In contrast, the centralized configuration proves more robust in terms of sojourn time, when the arrival interval time changes. This can be explained by the pooling effect of the centralized configuration, which can resist the disturbance of demand changes. 
[image: ]
Figure 4. Sensitivity analysis of averaged sojourn time: varying demand arrival rate.

Changes in demand arrival also cause turbulence in terms of operating costs. Appendix 5 shows costs under varying demand conditions. Since the machine-related costs are not affected by the demand arrival rate, the explicit machine costs have been excluded from Appendix 5. The comparison demonstrates the robustness of the centralized configuration to cope with more frequent spare parts demand. For example, a 15% increase in arrival rate causes 45.17% cost increase in the distributed configuration, whereas for the centralized configuration, the increased percentage is only 24%. Facing a heavier demand will put considerable pressure on the centralized supply chain logistics, but the logistics costs are not yet comparable with the other two types of cost. In other words, the costs analysis supports our statement about the relationship between supply chain configuration and demand frequency: the distributed configuration is more suitable to deal with demands with a low frequency, while the centralized configuration is more helpful in case of frequent demands.

4.3.3 Number of machines 
On the basis of the initial example (N=16), we adjust the number of machines in RDC from 12 to 20 to investigate the configuration rules with different numbers of AM machines. In the distributed configuration, we try to allocate AM machines to achieve the highest marginal efficiency increase. Appendix 6 shows the specific number of machines held at each SL. The results reveal that with limited AM machines, it is more efficient to allocate them in a centralized way at RDCs. This is especially the case at the early stage of AM adoption, as it is very costly to introduce more AM machines. Introducing more machines is not expected to cause an economic burden on manufacturers when costs related to AM machines—equipment purchasing costs and related flexible costs—are falling. Figure 5 shows that the marginal effect of introducing one more machine in RDC for the centralized configuration is very limited when there are enough machines in the supply chain. For instance, an increase from 17 to 18 machines will only cause slight changes to the averaged sojourn time, changing it from 0.8609 months to 0.8587 months. The same change in the number of AM machines in the distributed configuration, however, can lead to a decrease in sojourn time from 0.8175 months to 0.7701 months. This suggests that a distributed supply chain may be more effective when the number of AM machines increases. 
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Figure 5. Sensitivity analysis of averaged sojourn time: varying number of machines.
The number of machines in the system affects not only the sojourn time performance, but also the total operating costs, including the machine-related costs and waiting penalty costs. The impact varies for different industries. Figure 6 illustrates two extreme examples (high waiting penalty costs, high machine costs; low penalty costs, low machine costs), and Appendix 7 presents the explicit costs data. These examples show the varying patterns of two typical supply chains in terms of different cost parameters. Figure 6a shows the total costs with high level waiting penalty costs, reflecting industries such as the semiconductor. In this context, it is vital to control the total spare part sojourn time. Accordingly, it is better for the supply chain (either centralized or distributed) to hold more AM machines, allocated locally at SLs to further reduce the waiting time. In contrast, it is not necessary to hold many AM machines in the supply chain for industries with low waiting penalty, since machine-related costs play an important role under such conditions. In Figure 6b, the lowest point on cost curve of centralized configuration indicates that the optimal number of machines is 13, and the reduction of waiting penalty costs by introducing more machines is offset by high equipment purchasing expenditure. According to Figure 6, the centralized configuration generally has an economic advantage over the distributed one, especially when the supply chain holds fewer AM machines. This is somewhat consistent with our statement above that centralized configuration performs better with limited manufacturing capacities due to pooling effect. Based on the comparison, machine-related costs are not a major determinant when the waiting penalty costs are high, and holding more AM machines is always more beneficial. Conversely, in industries with low waiting penalty, the machine-related costs seem vital to determine the number of machines held in the system. Decision-makers should trade off the improved sojourn time against the machine-related costs. 
[image: ]
[bookmark: OLE_LINK39][bookmark: OLE_LINK42]Figure 6. Sensitivity analysis of total costs (K euros): varying the number of machines. 

5. Supply chain configuration: a mix
5.1 Opportunity of a mixed configuration: an example 
The results of the sensitivity analysis above show that the centralized configuration performs better than the distributed one when the supply chain has a limited number of AM machines. In other words, the centralized and distributed configurations have their own strengths and shortcomings. Thus, it is assumed that a mixed configuration might achieve better performance than either configuration alone. A mixed configuration means that AM machines are allocated simultaneously to RDC and SLs. A portion of spare parts is manufactured at the RDC and then distributed to the SLs, while other spare parts are directly manufactured at the local SLs. The mixed configuration provides an opportunity to balance the pros and cons of the centralized and distributed configurations. The following example illustrates the benefit of the mixed configuration. 
To keep consistence with the above examples, it is assumed that there are eight AM machines at RDC, serving two SLs (SL1, SL2), while the other two SLs (SL3, SL4) allocated with four AM machines each. There are totally 16 AM machines in the supply chain, which is consistent with the situation mentioned in Section 3. Table 7 and Appendix 8 show the sojourn time performance of the mixed configuration and its comparison with the other two configurations. Even with the same number of AM machines, the mixed configuration can reduce the total sojourn time by 14.521 and 26.103 months respectively, compared to the centralized and distributed configurations. The cost reduction can be up to millions of euros. In short, this example illustrates the advantage of mixed configuration over the other two configurations, in terms of the total sojourn time and costs. The pooling effect in the centralized configuration does not always make sense, and there may be opportunities to further improve the performance by leaving some spare parts produced locally. 
Table 7. Spare parts average sojourn time (unit: month) in mixed system. 
	Part
	SL1
	SL2
	SL3
	SL4

	1
	1.9081
	1.9008
	1.6837
	1.7501

	2
	0.8707
	0.8301
	0.6891
	0.7097

	3
	0.6595
	0.6519
	0.5364
	0.5249

	4
	0.6435
	0.8164
	0.5364
	0.5164

	5
	0.7949
	0.8164
	0.6027
	0.7654

	6
	5.5501
	5.5482
	5.4219
	5.3812



5.2 Mixed configuration at SL level 
Drawing on the example above, it is intuitive to centralize the production of spare parts with long sojourn time at RDCs and leave the production of spare parts with short sojourn time at SLs to optimize the sojourn time and reduce the operating costs. To further test this criterion, we compare the performance of different allocations of AM machines between RDC and SLs. It is still assumed that the supply chain holds a total of 16 machines, which are allocated at either RDC or SLs (see Appendix 9). In the Appendix, centralized configuration column means that the demands of the spare parts from SLi (i = 1, 2, 3, 4) are fulfilled by the RDC, while distributed configuration column indicates that the demands of the spare parts from SLi (i = 1, 2, 3, 4) are satisfied locally by the AM machines at SLs. Figure 7 shows the averaged sojourn time per spare part under different allocations.

Figure 7. Averaged sojourn time of different mixed supply chain configuration.
According to the criterion above (i.e., centralizing the manufacturing of spare parts with longer sojourn time in a distributed supply chain), we integrate the manufacturing for the demands from SL1 and SL2 into RDC (see Table 3). We end with Allocation Type 1 in Appendix 9 because the spare parts demands from SL1 and SL2 need longer sojourn time to be met in distributed configuration. The comparative results in Figure 7 indicate that our criteria are somewhat right. The mixed supply chain configuration following Allocation Type 1 gives a better performance over a purely centralized or distributed one in terms of sojourn time. Although the criteria help to improve the efficiency, they cannot guide us to find the optimal supply chain configuration; this is mainly because in the above comparison Allocation Type 7 shows the best performance and Allocation Type 8 the second best. Both allocations support the view that integrating demands from SL1 and SL2 into centralized manufacturing is efficient. However, the results in Figure 7 do not give sufficient insights to help us achieve optimal performance.
To further investigate the reasons behind the improved performance, we analyze the demand features of each SL (see Table 3). By connecting the demand features and the sojourn time performance, we identify two main factors that may be critical to mixed allocations, namely SL’s demand frequency and logistics time. The main finding suggests that mixed strategies should take advantage of complementary effect in terms of demand, by producing for the demands with high and low frequency at the same RDC (e.g., Allocation Types 7 and 8). Alongside demand frequency, logistics time is the other key factor. Seen from Allocation Type 2, although the demands from SL1 and SL3 are complementary, this allocation does not show enhanced performance, mainly because both service locations involve long logistics time that counteracts the complementary effect. Our results also indicate that not all mixed supply chains are advantageous, compared to the purely centralized or decentralized one, and that mixed allocation models should adhere to the rules to yield best use.
In conclusion, the rules for the allocation of AM machines are summarized below. These apply to configuring AM-based spare parts supply chain, serving heterogeneous demands from multiple SLs under the mode of make-to-order. First, to achieve improved performance over the purely centralized or distributed supply chain, the manufacturing of the spare parts whose sojourn time is longer needs to be centralized in the supply chain with mixed configuration. Second, RDC should follow the complementary effect, i.e. producing for the demands with high and low frequencies at the same RDC. Finally, the spare parts with short logistics time are preferred to be manufactured in a centralized manner, whereas the manufacturing of spare parts with long logistics time is best carried out at SLs. 

6. Discussion and conclusions
This study uses the simulation method to compare the performance of spare parts supply chains with different configurations when adopting AM to serve heterogeneous demands from multiple SLs under the mode of make-to-order. The distinctive characteristic of this study is the consideration of the mode of make-to-order and the heterogeneity of spare parts demand. The objective of this paper is to compare different configurations of spare parts supply chains serving for heterogeneous demands from multiple service locations under the mode of make-to-order in terms of their performance, such as sojourn time and cost; it also proposes ways to better configure AM-based spare parts supply chains by effectively allocating machines within supply chains. 

6.1 Theoretical contributions
This study offers several contributions. First, in contrast to the general belief that distributed configuration potentially leads to shorter demand response time, our results reveal that the distributed configuration is mainly suitable for demands of low frequency. When facing more frequent demands and relatively poor production capacity, a heavy congestion occurs in the distributed supply chain. In such cases, it is advisable to adopt the centralized configuration with more AM machines at the RDCs to relieve the supply chain from congestion and thus reduce the waiting time and costs. 
Second, the efficient allocation of AM machines and the selection of configurations generally follow that with limited AM machines, it is more efficient to allocate them at centralized RDCs; but, alongside an increase in the number of AM machines, a distributed configuration of supply chain is recommended. More specifically, the allocation of AM machines and the selection of configurations depend on the waiting penalty costs. When facing high waiting penalty costs, companies are advised to hold more AM machines and allocate them locally in their supply chains. If this is not possible, because of economic problems for example, the limited number of AM machines should then be centralized in RDCs to shorten the sojourn time and reduce costs. In contrast, in cases of low waiting penalty costs, it is not necessary to hold many AM machines in the supply chain. Instead, a trade-off needs to be made between the machine-related costs and the waiting penalty costs (sojourn time) to determine the number and the distribution of AM machines. 
Third, when AM machines are at the initial stage with a low production rate, the centralized configuration is obviously superior to the distributed one. However, given the technological advancements, it is more efficient to distribute AM machines at the SLs; these advancements also limit the investments required on AM machines, especially at the industrial level. In other words, with a high production speed and inexpensive equipment, it is reasonable to incorporate more machines in the supply chains and distribute them locally in SLs. 
Finally, our results highlight the importance of mixed configurations. This form of configuration allows AM machines to be allocated at once at both RDCs and SLs. Our results show that mixed configurations outperform centralized or distributed configuration alone, especially when the demand frequency (arrival rate) and the technology development (production rate) are at a certain level (see Figure 8). This study offers several recommendations for setting up mixed configurations. First, the manufacturing of spare parts whose sojourn time is long should be integrated into RDC. Second, the centralized production at RDC should benefit from the complementary effects on demand frequency. Finally, the manufacturing of spare parts with long logistics time is more suitable to be arranged at SLs. 
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Figure 8. Supply chain configuration and conditions.

6.2 Managerial implications
When adopting AM, company managers are firstly advised to develop deep understand on their supply chain conditions, in terms of, for example, the demand frequency, production rate, waiting penalty costs, and the number of AM machines they can afford. Second, managers need to ensure that there is a good match between these supply chain aspects and the supply chain configuration. In general, the distributed configuration is more suitable when the supply chain holds more AM machines, faces a low demand but a high production rate. In contrast, when the number of AM machines is limited, the centralized configuration is better to deal with high demands but low production rates. Third, managers should pay special attention to the waiting penalty costs. When facing high waiting penalty costs, managers are advised to hold more AM machines and allocate them locally in their supply chains. Otherwise, they should centralize the small number of AM machines in their RDCs. Conversely, when facing low waiting penalty costs, they are advised not to hold many AM machines, but instead make a trade-off between the machine-related costs and the waiting penalty costs (sojourn time) to determine the number and the distribution of AM machines. Fourth, managers need to follow AM technological developments, and accordingly adjust the configurations of their supply chains to achieve better supply chain performance. Finally, managers need to be aware that during the transfer from centralized to distributed configuration alongside technological advancements, the mixed configuration might deliver better results (see the gray areas in Figure 8). Thus, managers might like to follow the criteria proposed in this study to better configure their supply chains. 

6.3 Limitations and future research 
This study has several limitations. First, our Simevents model cannot reflect the practical situations completely, which is an inherent drawback of simulation method. However, we have discussed as many key factors as possible to address this issue. Second, the data for our simulation model is adapted from the existing literature. The shortcoming of secondary data is that they may not completely reflect the reality. Third, our results suggest some general ways to set up mixed configurations to achieve better performance; some explicit factors, such as demand features, maintenance costs, carbon emissions, and organizational structures should also be considered to draw more comprehensive conclusions. Finally, our model assumes that production fully corresponds to demand, excluding inventory storage. Studies that combine inventory holding and on-demand production, however, offer more valid and realistic results. Future research is recommended to address these limitations. 
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Appendix 1 
Table A1. Supply chain performance comparison (1).

	Configuration
	Centralized
	Distributed 

	Total Sojourn Time
	2633.478
	2645.0603

	Average Sojourn Time
	      0.8665
	      0.8715

	Average Utilization Rate
	    67.31%
	    65.78%

	Average Waiting Entity in the Queue
	      0.0088
	      0.1775

	Average Length of the Queue
	      0.1346
	      0.683



Appendix 2 
Table A2. Total cost comparison of centralized and distributed configurations (unit: K euro).

	[bookmark: OLE_LINK40][bookmark: OLE_LINK41]Waiting penalty
Machine
	High
	Medium
	Low

	
	Centralized
	Distributed
	Centralized
	Distributed
	Centralized
	Distributed

	High
	138302962.7
	138910999.1
	138278962.7
	138886999.1
	138268296
	138876332.4

	Medium  
	  17601975.44
	  17679156.84
	  17577975.44
	  17655156.84
	  17567308.77
	  17644490.17

	Low
	        73019.17333
	        73106.46648
	        38352.50667
	        49106.46648
	        38352.50667
	        38439.79982



Appendix 3
Table A3. Costs of basic condition (with 16 machines).

	Cost Category
	Supply Chain
	High 
	Medium
	Low

	Waiting Penalty
	Centralized
	138257595
	17556607.78
	27651.519

	
	Decentralized
	  138865665.8
	        17633823.5
	 27773.1332

	Machine Related
	                 10666.66667
	            21333.33333
	 45333.3333

	Logistic
	            34.321
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Table A4. Costs (unit: K euro) by varying production rate.

	
	
	Variance
	-20%
	-15%
	-10%
	-5%
	0%
	5%
	10%
	15%
	20%

	Waiting
Penalty Costs
	High
	Centralized 
	179156927.3
	163477697
	153090278
	144462523
	138257595
	132179234
	126978059
	122522584
	118521002

	
	
	Distributed
	241511697
	200817855
	179284014
	153674456
	138865665.8
	126643871
	117081841
	109206836
	102538349

	
	Medium
	Centralized
	22750199.75
	20759176.5
	19440132.5
	18344539.1
	17556607.78
	16784748.6
	16124278.6
	15558501.1
	15050361.3

	
	
	Distributed
	30668305.34
	25500807.5
	22766337.8
	19514314.2
	17633823.5
	16081841.7
	14867609.7
	13867604
	13020807.8

	
	Low
	Centralized
	35831.38545
	32695.5395
	30618.0557
	28892.5046
	27651.519
	26435.8469
	25395.6119
	24504.5168
	23704.2005

	
	
	Distributed
	48302.3394
	40163.571
	35856.8028
	30734.8913
	27773.13315
	25328.7741
	23416.3682
	21841.3671
	20507.6697

	Machine Costs
	Low
	12800
	12266.6667
	11733.3333
	11200
	10666.66667
	10133.3333
	9600
	9066.66667
	8533.33333

	
	Medium
	25600
	24533.3333
	23466.6667
	22400
	21333.33333
	20266.6667
	19200
	18133.3333
	17066.6667

	
	High
	54400
	52133.3333
	49866.6667
	47600
	45333.33333
	43066.6667
	40800
	38533.3333
	36266.6667



Appendix 5 
Table A5. Costs (unit: K euro) by varying demand arrival rate.

	
	
	Variance
	20%
	15%
	10%
	5%
	0
	-5%
	-10%
	-15%
	-20%

	Waiting 
Penalty
 Costs
	High
	Centralized
	192676233.8
	172259451
	151423503
	149602751
	138257595
	130006643
	123773423
	118101937
	107731486

	
	
	Distributed
	242649162
	201592146
	175478741
	156612950
	138865666
	125506700
	116457789
	105776249
	100938626

	
	Medium
	Centralized
	24466945.67
	21874325.4
	19228477.5
	18997269.7
	17556607.8
	16508862.5
	15717338.6
	14997146.3
	13680257.1

	
	
	Distributed
	30812746.06
	25599130.7
	22283126.1
	19887458.1
	17633823.5
	15937438.4
	14788364.6
	13431971.8
	12817667.4

	
	Low
	Centralized
	38535.24675
	34451.8902
	30284.7006
	29920.5501
	27651.519
	26001.3285
	24754.6845
	23620.3874
	21546.2972

	
	
	Distributed
	48529.8324
	40318.4292
	35095.7481
	31322.5899
	27773.1332
	25101.3399
	23291.5578
	21155.2499
	20187.7253

	Logistics Costs
	-
	Centralized
	43.2020
	40.6683
	38.4298
	36.608
	34.3211
	32.6673
	31.0289
	29.6078
	26.4793


[bookmark: OLE_LINK23][bookmark: OLE_LINK25]





Appendix 6 
Table A6. AM machines allocation in distributed supply chain configuration.

	# of Machines
	SL1
	SL2
	SL3
	SL4

	12
	3
	3
	3
	3

	13
	4
	3
	3
	3

	14
	4
	4
	3
	3

	15
	4
	4
	3
	4

	16
	4
	4
	4
	4

	17
	5
	4
	4
	4

	18
	5
	5
	4
	4

	19
	5
	5
	4
	5

	20
	5
	5
	5
	5



	Appendix 7 
[bookmark: OLE_LINK28][bookmark: OLE_LINK29]Table A7. Cost (unit: K euros) by varying the number of machines.


	Waiting Cost
	Machine Cost
	12
	13
	14
	15
	16
	17
	18
	19
	20

	[bookmark: _Hlk513995436]H
	L
	C
	175060099.3
	152686630.9
	143252527.8
	138268261.7
	137238852.1
	136887884.3
	136627169.1
	136710350.2
	139303042

	
	
	D
	299007842.8
	232766613.4
	173387974.1
	138876332.4
	130274086.6
	122764843.5
	116495671.3
	119220200.9
	152853612.3

	
	M
	C
	175068099.3
	152695297.6
	143261861.2
	138278928.3
	137250185.4
	136899884.3
	136640502.4
	136723016.8
	139313042

	
	
	D
	299015842.8
	232775280.1
	173397307.4
	138886999.1
	130285419.9
	122776843.5
	116509004.7
	119232867.6
	152863612.3

	
	H
	C
	175086099.3
	152714797.6
	143282861.2
	138302928.3
	137275685.4
	136926884.3
	136670502.4
	136751516.8
	139335542

	
	
	D
	299033842.8
	232794780.1
	173418307.4
	138910999.1
	130310919.9
	122803843.5
	116539004.7
	119261367.6
	152886112.3

	M
	L
	C
	22236949.14
	19396441.61
	18199036.28
	17567274.45
	17437137.13
	17393151.57
	17361208.74
	17371189.46
	17698093.77

	
	
	D
	37976423.84
	29565379.12
	22025778.75
	17644490.17
	16552718.04
	15599740.6
	14804815.29
	15150207.02
	19418809.71

	
	M
	C
	22244949.14
	19405108.27
	18208369.61
	17577941.12
	17448470.46
	17405151.57
	17374542.07
	17383856.13
	17708093.77

	
	
	D
	37984423.84
	29574045.78
	22035112.08
	17655156.84
	16564051.37
	15611740.6
	14818148.62
	15162873.69
	19428809.71

	
	H
	C
	22262949.14
	19424608.27
	18229369.61
	17601941.12
	17473970.46
	17432151.57
	17404542.07
	17412356.13
	17730593.77

	
	
	D
	38002423.84
	29593545.78
	22056112.08
	17679156.84
	16589551.37
	15638740.6
	14848148.62
	15191373.69
	19451309.71

	[bookmark: _Hlk513995016]L
	L
	C
	43010.41985
	39202.25952
	37981.97223
	38318.18567
	38778.83708
	39375.17685
	40656.10048
	40006.20337
	37858.6084

	
	
	D
	67799.96855
	55218.25602
	44009.06148
	38439.79982
	37385.88398
	36550.5687
	36629.80093
	36508.17352
	40568.72245

	
	M
	C
	51010.41985
	47868.92618
	47315.30557
	48984.85233
	50112.17042
	51375.17685
	53989.43382
	52672.87003
	47858.6084

	
	
	D
	75799.96855
	63884.92268
	53342.39482
	49106.46648
	48719.21732
	48550.5687
	49963.13427
	49174.84018
	50568.72245

	
	H
	C
	69010.41985
	67368.92618
	68315.30557
	72984.85233
	75612.17042
	78375.17685
	83989.43382
	81172.87003
	70358.6084

	
	
	D
	93799.96855
	83384.92268
	74342.39482
	73106.46648
	74219.21732
	75550.5687
	79963.13427
	77674.84018
	73068.72245


Notes: H: High; M: Medium; L: Low; C: Centralized; D: Distributed 

Appendix 8
Table A8. Supply chain performance comparison (2). 

	
	Centralized
	Distributed
	Mixed

	Total Sojourn Time
	2633.478
	2645.0603
	2618.957

	Average Sojourn Time
	       0.8665
	      0.8715
	        0.8595

	 Average Utilization Rate
	    67.31%
	   65.78%
	     64.24%

	Average Waiting Entity in the Queue
	      0.0088
	      0.1775
	    0.09

	Average Length of the Queue 
	     0.1346
	    0.683
	        0.4501
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Appendix 9
Table A9. Type of mixed allocation.

	Allocation
Type
	Centralized configuration
(Number of machines)
	Distributed configuration
(Number of machines)

	1
	SL1, SL2 (8)
	SL3 (4), SL4 (4)

	2
	SL1, SL3 (8)
	SL2 (4), SL4 (4)

	3
	SL1, SL4 (8)
	SL2 (4), SL3 (4)

	4
	SL2, SL3 (8)
	SL1 (4), SL4 (4)

	5
	SL2, SL4 (8)
	SL1 (4), SL3 (4)

	6
	SL3, SL4 (8)
	SL1 (4), SL2 (4)

	7
	SL1, SL2, SL3 (12)
	SL4 (4)

	8
	SL1, SL2, SL4 (12)
	SL3 (4)

	9
	SL2, SL3, SL4 (12)
	SL1 (4)

	10
	SL1, SL3, SL4 (12)
	SL2 (4)




1.0	2.0	3.0	4.0	5.0	6.0	7.0	8.0	9.0	10.0	0.8626	0.8664	0.8686	0.8807	0.8905	0.9037	0.8442	0.8465	0.8804	0.871	Allocation Type
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