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Abstract

:

Featured Application


Procurement planning adapted to suppliers’ behavior and the related risks for procurement based on the appropriate selection of procurement order quantities.




Abstract


In the current global system; supply chains are at risk due to increasing procurement shortages, supply disruptions, and the reliability of on-time deliveries with the original order quantities. As a result, an anticipated management model is of vital importance to provide companies with the productive flexibility necessary to adapt quickly to supply changes, in order to ensure the quality and delivery time through efficient management of stocks and supply costs. In this context, this research aims to develop a system to complement classical procurement planning based on inventory management methods and MRP (material requirements planning) systems by considering suppliers’ behavior regarding procurement risks. For this purpose, a system is developed that seeks to simulate the impacts of procurement shortages of different natures. Moreover, the research investigates the development of a system that performs procurement planning of a component manufacturer to determine the supply orders necessary to meet the master production schedule. The system is analyzed based on a set of indicators in the event that the supplier of a material needed for production does not supply on time or has short-term problems. Several scenarios are simulated, and the results are quantified by changing the procurement order quantities, which may or may not follow the economic order quantity (EOQ) model, and the potential procurement disruptions or shortages. The results show how the simulation and anticipation of potential suppliers’ procurement behavior concerning potential shortages and their probability are key for successful procurement within a joint strategy with classical procurement methods.
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1. Introduction


Humans have managed inventory problems since we began utilizing the planet’s resources [1]. The first mathematical approach to inventory planning was the economic lot size or economic order quantity (EOQ) model, carried out by Harris in 1913, who developed the EOQ model, where the bases for integrating storage and other costs when determining the size of the batches to be produced [2]. Although the EOQ model was developed and initiated a development process that can be seen in Figure 1, it was not until the 1950s and 1960s that other important advances were made to meet logistics needs, such as consideration of surpluses, shortages, and order costs, to determine inventory parameters [1]. Furthermore, computerized forecasting and inventory control began in the 1960s and 1970s [3].



Since the 1980s, great effort has been made to develop inventory planning software solutions with the goal of reducing operating costs and capital employed due to stock levels in storage. However, in the day-to-day life of most manufacturers in the process industries, inventory planning continues to be driven by databases of “manual” spreadsheets [7]. Furthermore, the EOQ model after a century is still analyzed and expanded by researchers and is used in practice [1]. MRP II (manufacturing resources planning) emerged in the 1980s and was aimed at identifying problems of productive capacity, considering the availability of resources and production orders in such a way that the planner was able to correct possible deviations. However, it was not until the late 1980s that an attempt was made to integrate support software for automatic decision-making that suggested corrective actions. In the 90s, ERP (enterprise resources planning) emerged—given the need to integrate different areas of the company.



In this context, in supply management, several authors have developed various models based on the EOQ model, as well as other models [8]. Most of the models developed consider the demand for an item as a parameter with static product specifications, that is, they do not change over time [8]. In contrast, as markets have become more complex, inventory management is also now more complex [9] and market conditions have changed more rapidly than the rate at which researchers could respond [1]. Moreover, managers in practice have been able to provide effective and efficient solutions for the global supply chain.



In this way, conventional planning methods based on average values are highly extended in practice [10]. An update of the planning parameters is carried out with long intervals of time [11]. In this context, the business success of the actors in a supply chain will be determined in the future by the ability to identify disturbances early and to compensate for them with adequate planning models that ensure a high quality of planning [12].



World logistics flows have increased dramatically [13] with an international competition in meeting the service level in terms of the delivery date, delivery reliability, and nature of delivery, which increases pressure on supply flexibility [14]. Furthermore, demand volatility in almost all industry sectors appears to be higher than in the past due to shorter product and technology life cycles, sales promotions, rearranged quantities, and unplanned outages [15]. The conventional response to this challenge when dealing with uncertainty is to increase the safety stock of products in order to ensure the expected level of service [16].



In this context, being able to cope with the changing needs of customers, the volatility of demand, and new product launches, it is becoming increasingly important to gain a competitive advantage [17]. The need to respond to the uncertainty of demand is a necessity. The current situation, characterized by epidemic crises, product changes, and deviations in replenishment time, can lead to stockouts and a high level of inventory required to provide a given level of service. People affected by the potential lack of supplies are at great risk [18], as experienced with the global COVID-19 crisis when companies speculated on the supply of demand—reducing supply to increase margins due to client demand. Therefore, theoretical developments are required with methods that determine inventory levels based on measures other than cost [1].



The COVID-19 pandemic has had significant global economic consequences [18]. This situation demonstrated the future risks and current fragility [19] of supply chains. The consequences have included production stoppages due to a lack of supply of raw materials, while other producers had to decrease or interrupt production because finished products could not be shipped abroad. In addition, there can be an increase in obsolete products and materials when demand is low or products cannot be shipped, as has occurred during the COVID-19 pandemic, causing risks associated with oversizing of stock levels and causing an increase in waste. Therefore, there is an urgent practical need to increase the adaptability of manufacturing and procurement systems in order to react to unforeseen events, such as COVID-19 [20].



Moreover, new technologies have led to increasingly recurring changes in product specifications, which has led to high volatility in demand for products in a finite life cycle [1]. Therefore, as product life cycles are shortened, the randomness of demand increases [21]. As a result, logistics managers and supply planners must make decisions with a higher level of uncertainty about demand. It is at this point that new models and concepts should contribute to providing solutions to this challenge [20].



In this context of fluctuating demand, long lead times, inaccurate forecasts, the large variety of products, and the impact of complex networksthe current methods of production planning and inventory control have shortcomings. MRP, as a production control system, is appropriate for the deterministic environment. Therefore, in a stochastic condition, research has proposed a modified MRP to anticipate the demands and lead time with demand-driven material requirements planning for the MRP to adapt to the variability of demands and supplies. However, there are few studies on the benefit of this type of approach [4]. Companies that have had experience with MRP have chronic problems and the risk of large variations, overstocks and shortages for customer supply. These conditions affect three main factors: inventory performance, service level performance, and higher levels of expenses and waste [4].



In the current global system, procurement planning in the process and assembly industries acquire vital importance to provide companies with the productive flexibility necessary to adapt quickly to changes through efficient management of stocks and supply costs. Scenario simulation can help to solve manufacturing and inventory planning challenges [22] combined with classical materials requirements planning. To date, many models have been developed to deal with uncertainty and determine the optimal inventory policy [23]. However, most inventory models are related to the classical cost analysis approach with uncertain input data precision [1]. The cause of the uncertainty has several reasons [23] such as the procurement risks of a certain supplier that can produce stock-outs and production losses. Therefore, how to balance the procurement strategy and cost optimization while considering potential procurement shortages is a key decision for managers.



In this context, this research aims to develop a methodology for materials requirement planning by means of scenario simulations in order to improve the future procurement order quantities based on the impacts of target indicators. The scenarios vary depending on the procurement order quantity and on the procurement shortages from suppliers. The final goal of the developed system is to provide adaptability and flexibility mechanisms to industrial organizations by determining a differentiated strategy based on the supplier’s procurement behavior. This is pursued to provide managers with a tool to select the procurement order quantity needed to meet required service levels while optimizing inventory costs.



The hypothesis is that EOQ models need to be considered together with the procurement shortage risks, along with the service and cost goals, in order to determine the best-fit procurement order quantity for a specific supplier’s behavior.



As a result, the system contributes to improving management capabilities within the company to act early and appropriately as well as optimizing information systems to be a crucial support for processes and decision making in volatile environments resulting from a lack of transparency regarding planning and control of production systems as one of the greatest weaknesses of ERP supply chain management (SCM) systems—as they are insufficiently integrated with each other to ensure holistic planning and control across all networks. The consequences of this problem include: unrealistic delivery dates and consequent inadequate compliance with delivery dates for customers [24]. In this context, the problem is delimited to the management of production and supplies and more related to the determination of supply needs based on the master production program.



Companies are faced with the challenge of having to master an increasing number of individualized product solutions and short delivery times at the lowest possible cost with high market dynamics leading to fluctuating customer demand and increasing short-term order changes. To successfully produce despite increasing external volatility, flexible and adaptable production systems are required that can be adapted to new requirements in a short period of time [25,26].



The novelty of the research is that it can support decision making by complementing MRP planning with a simulation of scenarios with different procurement order quantity policies, enabling prediction of the results in cases of procurement shortages based on unexpected non-reliable behavior of suppliers. It also supports preparing preventive planning, applying, and verifying lessons learned, providing an easy-to-use decision-making and continuous improvement tool for managers to direct their decisions in the best way possible.




2. Methodology and Fundamentals


2.1. Methodology


In this paper, the methodological approach is as follows:




	1.

	
Literature research on:




	(a)

	
Production planning and control;




	(b)

	
Inventory management;




	(c)

	
Target and monitoring systems;




	(d)

	
Materials requirements planning and systems evolution and challenges.










	2.

	
Development of a conceptual model describing an integrated system for materials management with an MRP approach. It aims to serve as a framework for optimal procurement planning, enabling better decision making and continuous improvement of the system target indicators and capabilities.




	3.

	
Design of a simulation model for modeling and assessing the different scenarios and the system flexibility and adaptability depending on the MRP settings and policy configuration.




	4.

	
Discussion of results with regard to the potential benefits and outcomes for managerial positions.




	5.

	
Critical reflection of the research performed, and outlook of potential future research based on the study.










2.2. Production Planning and Control


The task of production planning and control involves the planning and control of deadlines, capacities, and quantities of manufacturing and assembly processes [27]. Within a company, the production planning and control systems consist of structured levels of planning that include both aggregate plans, master plans, materials management, as well as the levels of execution, referring to production planning [28]. In a first step, within the annual sales planning, a strategic alignment with the product offer is carried out based on the evolution of market demand, as well as considering the results of the commercial planning network at the company level. The result is the annual sales plan which includes the sales quantities for each of the periods at the product family level. With this plan, independent requirements planning is calculated, which becomes a production proposal for each of the periods. Subsequently, in the planning of the gross needs, this proposal is disaggregated with the help of proportional factors at the product family and total needs per product level are determined for each period based on the annual sales planning [27]. This total demand is adjusted with the help of demand forecasts that are continuously updated for periods of time. Stochastic methods are normally used for forecasting future primary needs, as well as heuristics for forecasting demand for a certain future time horizon. In rough resource planning, it is assessed whether sales planning and production schedules can be carried out with available resources, that is, product and/or component requirements determined according to the type, quantity, and date on which they are planned and compared with available resources [27].




2.3. Inventory Management


Inventory management plans and controls stocks. It supplies the stored goods based on the expected sales [29] and fixes the repositioning point and the safety inventory. Inventory management includes the functions of demand planning, inventory planning, and procurement planning [30]. Other instruments are order planning defining the optimal quantity and frequency, as well as the selection of the order policy [31]. This refers to the management of existing inventory at present, and its main task is the definition of the optimal order point.



Inventory planning includes the determination of the necessary safety stock (SS) and the stock for the release of the supply order [32]. This requires consistent forecasting and inventory management from demand planning [32].



Procurement planning takes care of procurement initiation, order quantity selection, and lot size selection. In different supply policies, the two parameters, quantity and frequency of the order, can be variable or constant [33]. If the four characteristics of the two parameters—size and frequency of the order—are combined, there are four different procurement ordering strategies [31]. In the reorder point method, the inventory level is checked after each stock movement to assess if the remaining inventory is below the reorder point. If this is the case, then an order is placed [34]. A third method, called the control rhythm, arises from another combination of parameters. These are the policies (t, s, q)—y (t, s, S) [35]. The three methods used here are for make-to-stock (MTS), while a fourth method depends on the demand and is, therefore, make-to-order (MTO).



There are many available formulas to select the optimal lot size that is prescribed in many new studies. Although these formulas are available, few companies attempt to arrive at an explicit quantitative balance of inventory and procurement costs [36]. The economic order quantity (EOQ) plays an important role in the total profit of the factory in all respects [37]. A constant order quantity (q), the most widely used, in practice, is the classical EOQwith the Andler–Harris formula for the optimal lot size [38] which minimizes the total cost of the inventory [37]. The optimal lot size is always calculated for a certain period [38]. The economic order quantity (EOQ) used in the paper finds the optimal quantity to order among three components: the cost per unit, the procurement order cost, and the inventory holding costs [39] as it can be seen in detail in Appendix A. This order quantity strategy can be applied with a dynamic calculation in each period or with a discrete calculation valid for a period, such as a year. For a variable order quantity, the inventory is filled to a target level [33]. This is one of the options for the dynamic or feedback-dependent model [32].




2.4. MRP Systems


Starting from the production program, the productive elements, such as production means, labor, and materials, necessary for the manufacture of primary needs are made available within the framework of the planning of production needs [40]. In this way, the planning of the production factors ensures the capacity to implement the production program through adequate supply programs [27]. These can be made based on consumption- or production-oriented planning. While the consumption-oriented determination of secondary needs is conducted through forecasts, the secondary needs are based on a production schedule-oriented requirements planning, calculated by disaggregating the product structure of primary needs considering the relationships between quantities. Through the planning of production factors, the gross secondary requirements are determined based on the production plan and through disaggregation of the bill of materials, as well as a net comparison with the warehouse inventory [27]. The net comparison is made dynamically by considering the planned inflows and outflows for demand at a certain time point. Through inventory management, gross secondary requirements are covered through raw materials stock. The determination of net dependent requirements generates supply orders. Supply orders are grouped into a supply program, either produced within the company itself or subcontracted. Based on the supply orders that are in the subcontracting program and considering the information from the purchasing departments in relation to the available contracts, the planning of the production factors is defined, such as the calculation of the procurement order quantity. In this process, secondary needs are grouped for a given period to determine optimal order quantities from the economic point of view through the use of methods for their calculation [27].



Materials requirements planning (MRP) is an inventory management system designed to help production managers schedule and order items dependent on demand. Demand-dependent items are components of the finished product such as raw materials, components, and sub-assemblies or the amount of inventory required depending on the level of production of the final product [41]. MRPs have undergone various developments of MRP and closed-loop MRP, including manufacturing resource planning (MRP II), advanced planning, and scheduling systems (APS), and ERP enterprise resource planning systems [4]. Materials requirements planning assumes that demand and delivery times are deterministic. Unfortunately, most production systems are stochastic. Therefore, the deterministic assumptions of the MRP are usually too restrictive [4].





3. Conceptual Model: Procurement Order Quantities Regulation for Shortage Scenarios


The vision of this work is to provide a conceptual model that provides a framework on how to design procurement policies based on the regulation of the order quantities to face procurement shortage scenarios, thus enabling management levels to decide and select the optimal order quantity based on the specific scenario and characteristics of the company and its goals. As a result, the conceptual model seeks to serve as a basis for decision making for future procurement improvement projects capable of increasing service levels towards end-customers and reducing operational costs to secure the long-term viability of their organizations.



3.1. Target System


This subsection aims to define the requirements of the model to be built, that is, to identify the system’s capabilities. To achieve this, the target parameter system is developed and consists of the following six blocks shown in Figure 2. The first block refers to the final customer demand that must be monitored to evaluate its changes, as well as its implications in the needs of the products on other levels obtained by exploiting the bill of materials. Second, another parameter to control is the stock level for the different types of flows in relation to an industrial organization, so that the value of available material is known. Third, the service level that is being provided to the client must be known in terms of quantity and date. In addition, the fourth block seeks to analyze the procurement costs. The fifth block of parameters deals with the supply orders, how many, of what quantity, when, and how long it takes to physically arrive and be ready so that the model always knows at any time the capacities and supply options to subsequently determine which are optimal for the target service level and thus optimize the stock levels and associated costs. Sixth, the block from which the deviations versus the initial schedules are analyzed. In this sense, the objective is to know and trace the supply deviations and their implications over time.



In addition, the parameter system works by comparing the target and actual values with a predefined frequency; so that, in each period, it is determined whether the evolution is positive or negative, converging or diverging from the objective of the logistics system. If evolution presents explanatory cause–effect relationships, an attempt is made to prevent the causes that originate from the divergences and to promote or enhance the causes or effective measures that enable the system’s convergence to the logistical objective. In the absence of explanatory cause–effect relationships, new measures must be analyzed and defined to help determine the behavior and causes of the results obtained.




3.2. MRP Planning and Shortage Impacts


The logic of an MRP system starts from the master production plan that determines the quantity to be produced since it considers orders and sales forecasts. The list of materials contains all the information related to the articles and the composition of the finished products. The purchase and production orders are given by the materials requirements planning (MRP), for which the replenishment times and the availability of the necessary materials are needed, allowing for inventory control. In turn, purchasing and production also feed the system with information on the receipt of orders, which helps determine availability in the near future. MRP systems allow the production system to anticipate strategies for different supply shortage scenarios to determine the steps to follow to achieve a pre-defined goal set.



The procurement system in consideration can be generated as a closed-loop regulated system as shown in Figure 3 in which target service levels and costs are defined. Based on them, the MRP system is executed and its result is implemented operatively in the procurement process. In the implementation of the planned procurement process according to the output of the MRP, the process presents disturbances such as procurement shortages. As a result, the actual values are measured and are different in comparison to the expected indicators. Therefore, in each cycle, optimization needs to be performed. In the case of the developed model, the improvement is made on the procurement order quantity. Based on the simulation of scenarios, the different options can be assessed thanks to the previously defined target system of indicators. Finally, the procurement order quantity is then adjusted to meet target service levels and costs considering the deviations between plan and actual indicator values and based on the simulated scenarios.




3.3. Factors in Relation to the Procurement Order Quantity, Service and Cost Levels


These factors determine the speed and effectiveness with which external changes to the system, such as changes in demand, are absorbed and attenuated by the planning model so that effectiveness is not compromised and efficiency, e.g., cost or service oriented, that is, quality and time, in that situation is maximized. Critical factors for supply management for a manufacturing company are:




	
Expected demand for the final product;



	
Current inventory/stock level;



	
Supplier replenishment time;



	
Supplier procurement lot size.








These factors may suffer from the following deviations that are a source of uncertainty for planning:




	
Deviations in the expected demand for the final product (forecast error and/or lack of firm customer orders);



	
Inventory deviations;



	
Deviations in the procurement order lead time (supplier delivery date);



	
Deviations in the procurement order quantity (quantity delivered from supplier).








These deviations are compensated with stock-outs and supply failures that trigger production losses of available capacity or the need to make changes in planning and therefore increase the needs of other procurement goods. To avoid these effects, there are two mechanisms to compensate for these potential negative effects that nevertheless have a cost (time, space, material):




	○

	
Safety stock;




	○

	
Security times.









In these regard, Figure 4 shows how the the procurement order quantity is determined depending on the planning type and on the need of compensation factors:



These factors will then be the determining factors to analyze the model’s responses in the simulation; for example, an already placed procurement order that changes from level 1 to level 2 in the form of a step change due to a procurement shortage and how the system responds to different procurement order quantity configurations.



The inventory function can be described from two different perspectives. From a classical planning perspective, a high level of stock allows for trouble-free production, short delivery times, overcoming production failures, constant production utilization, and thus economical production. However, the idea of efficient management is based on the view that stocks are generally used only to hide processes deviations and failure, uncoordinated capacity, lack of flexibility, waste, and lack of reliability and delivery. Flexibility and adaptability can be understood at different levels—stock transfers, supply synergies, capacity coordination, and production networks—thanks to an MRP approach. A factory is intended to be classified at different levels. Optimization, to improve efficiency, must be performed at all levels. The lower level is the process level, where losses are due to the physical movement of the machine or of materials or people in relation to the process itself. Moreover, at the production or transport machine level; the line level that contains many machines and the factory level must also be considered and optimized to provide a comprehensive result [42].





4. Methodological Simulation Approach Depending on Supplier’s Behavior and Procurement Order Quantity


According to the “VDI-Richtlinie”, simulation is the reproduction of a system with its dynamic processes in an experimental model capable of acquiring knowledge that can be transferred to reality. In particular, processes which develop over time [43]. In contrast to analytical models that offer the possibility of reaching an optimal solution, the main problem with simulation models is that these models do not provide a closed set of solutions [44]. Simulation models are used mainly to support decision making as they reveal a system’s dynamic behavior [45]. On the other hand, simulations are the only practical way to test models, because our mental models are dynamically deficient, omitting evaluations, lags, accumulations, and nonlinearities [46].



With the help of technical simulation models, results can be transferred to reality. The objectives of a simulation are, among others, the assurance of the methodology, as well as the planning, management, and control of the flows of people, materials, energy, and information [47]. Simulation models are increasingly used in logistics, which have been actively applied in the supply chain context [44]. On the other hand, this allows us to evaluate the possible scenarios before implementing a plan and to make better planning decisions with additional information provided by the simulation. Therefore, the development of supply chain management simulation models has become a necessity [48] to gain competitiveness.



The simulation is carried out through the Microsoft Office package, specifically in Excel since it includes additional programmable functionalities with standard tools and allows the storage and interconnection of databases for their calculation and processing and for the management of manufacturing needs and supplies.



4.1. Methodological Approach


Model building consists of knowing how to simplify the complexity to reflect only the essential characteristics to fulfill the model’s purpose [49]. Since the scope and limits are wide, the model should include a large number of variables. However, the model is limited to those factors and conditions that are considered relevant to answer the research question. Furthermore, this research has a single simulation model. However, it allows for simulating scenarios and is therefore parameterizable. In this way, it would allow planners to compare different procurement policies to decide on planning in the considered horizon. The objectives of the simulation are to: (1) Compare the influence on the indicators of the potential deviations such as the procurement order lead times and procurement order quantities; (2) observe the impact of these sources of uncertainty, as well as of the parameters in the target indicators so that decision making—in a manufacturing and supply process chain—can be optimized. The hypothesis is that the simulation model applying an optimal supply policy will present better results in terms of the study parameters compared to the model that does not apply or perform simulations of different policies. Starting from the conceptual model in Chapter 3 as a basis, the methodology for the design of the simulation model is:




	
Definition of the objective, hypothesis, and methodology;



	
Number of simulation models;



	
Definition of quantitative parameters to obtain results and compare the models;



	
Simplification of the complexity of the conceptual model through assumptions;



	
Criteria enabling comparison of simulation scenarios;



	
Definition of the product and the supply chain;



	
Development of the model based on an MRP approach;



	
Validation of the behavior of the simulation model;



	
Determination of scenarios, simulation, and extraction of results;



	
Evaluation of results and derivation of conclusions.









4.2. Target System: Key Performance Indicators


Some major reasons for organizations to undertake activities are to save money or increase profit, or influence other important factors, such as quality, delivery time, or delivery reliability, which are essential for competitiveness [1]. The results will be quantitative to evaluate the responses according to the following performance indicators, and the detailed mathematical formulation can be found in Appendix B:




	1.

	
Gross demand/needs (final product units): The sum of the final product demand, and therefore represents the gross needs as an input parameter of the simulation model;




	2.

	
Service level (% over quantity): The percentage of products produced on time according to planning;




	3.

	
Service level (% on days): The percentage of the days in which the production manufactured the required quantity. It is declared at the end of the production process and is considered as a demand not satisfied on time in those cases in which the quantity sent is less than the demand of the clients on the current day plus the delays of the previous days;




	4.

	
Delays (product units): The quantity of products delivered late to the customer according to planning;




	5.

	
Delays (days): The days in which the customer deliveries did not reach the required quantity;




	6.

	
Average stock level (units of materials/products): The average value of units in the inventory;




	7.

	
Number of orders (number of orders): The number of orders placed during the simulation time horizon;




	8.

	
Total inventory costs (USD): The sum of the procurement costs from an external supplier, the warehousing costs, the materials planning, and the handling costs;




	9.

	
Procurement management costs (USD): The total procurement cost minus the cost of the parts or materials from which it is procured. It is the value of planning, ordering, and handling management;




	10.

	
Procurement costs (USD): In the model, this is applied as external procurement costs and not as in-house production. Therefore, the external procurement costs depend on the order quantity and cost price as direct costs and the order costs and cost rate of the order initiations [32];




	11.

	
Warehouse storage costs (USD): The sum of capital commitment costs and storage costs [32];




	12.

	
Capital commitment costs (USD): The function of the interest rate, inventory quantity, and its inventory value and storage time;




	13.

	
Storage costs (USD): The components of shortage costs are lost contribution margins, reduced revenues, and additional costs, such as contractual penalties [32]. For the model, it is considered as a penalty per unit not delivered on time in each period;




	14.

	
Stock-out costs (USD): The model considers a fine for each unit of product not delivered on time for each period of delay in delivery.










4.3. Development of a MRP Simulation System


First, a series of assumptions are defined to simplify the model so that we can focus on the objective of the simulation.



	
Manufacturing process not considered;



	
Final demand without deviations;



	
Material receipts can be used on the day of receipt for manufacturing;



	
Quality failures not considered;



	
Demand does not change if customer service is better or worse;



	
Infinite warehouse, manufacturing, and procurement capacity.






The defined points will be listed to make a comparison between the different scenarios within the simulation model possible.



	
Same demand, same demand patterns, and replicas;



	
Same deviations in days of delivery delays;



	
Same cost parameters.






The simulation case study manufactures an item A from three units of component B and one unit of component C. Moreover, the simulation considers the procurement planning for the production plant of the Tier-1 supplier as shown in Figure 5. Therefore, the Tier-2 suppliers are suppliers of the Tier-1 manufacturer for the items B and C. Finally, the original equipment manufacturer is the client of the production plant in focus.



The next step is to develop the simulation model based on the previous information. The simulation model is built based on data inputs, the simulation execution, and the data output as shown in Figure 6. Moreover, a new parametrization of the POQ to execute further scenarios is possible enabling the comparison of policies and the continuous improvement of the planning while considering disturbances.



Based on the previous Figure 6, the model is developed consisting of six different areas or sub-models as is shown in Figure 7.



Given a defined demand and production strategy, the modeler must define a time horizon and time units. In the case study, it has been decided to simulate a horizon of 11 weeks to evaluate influences at the tactical and operational levels with a time pass of 1 day.



Moreover, behavior validation of the simulation model was performed with extreme-value tests such as, for instance, if there is no reception of components, then stocks will be zero and the service level will decrease or as, for instance, when there are double the procurement order quantities ordered, then there is an accumulation of stocks. Based on these facts among others, the simulation is validated.




4.4. Simulation Scenarios


Based on the developed simulation model, multiple scenarios can be designed, executed, and analyzed. However, to check the hypothesis of a model that is able to respond to supply disturbances by applying a feedback control loop based on the definition of different POQ policies, the research proposes the following scenarios as shown in Figure 8:




	
Scenario 1, a reliable supply behavior: The supply execution of the suppliers is 100% aligned in time and quantity with the planning;



	
Scenario 2, non-reliable supply behavior—week disruptions: The supply execution of the suppliers is not aligned with the planning. Disruptions of one week without supply in each four weeks in the planning horizon exist. As a result, the supply for this week is delayed by one week;



	
Scenario 3, non-reliable supply behavior—2 weeks disruptions: the supply execution of the suppliers is not aligned with the planning. Disruptions of two weeks without supply in each four weeks in the planning horizon exist. As a result, the supply for these two weeks is delayed by one week.










5. Results


In this section, the simulation results for the simulation model for the three scenarios with different POQ and the same demand are presented in the following tables (Table 1, Table 2 and Table 3).



As shown in Table 1, five different POQ are evaluated for the first scenario. As this scenario represents the ideal or theoretical planning that reproduces the supply as expected, the simulation model provides a 100% service level without backlogs for all values of the POQ. In addition, inventories are lower as the POQ reduces, being almost 10 times lower for a POQ of 4 units than for a POQ of 96 units. On the other hand, the number of procurement orders placed follows a contrasting trend with 54 orders for a POQ of 4 and 4 orders for a POQ of 96 units. Moreover, in relation to cost, it can be seen how the minimum inventory costs and also procurement management costs are for a POQ of 24 units, which represents the economic order quantity (EOQ) for the input parameters.



As can be seen in Table 2, five different POQ are also evaluated for the second scenario. As this scenario represents planning that reproduces a reality in which the supply reliability is affected, there are deviations that imply delays reducing the service levels for the different POQ options. Service levels increase, as does the POQ, however, a significant increase in the service levels in the number of products is realized up to POQ that equals the EOQ. In addition, inventories are also lower as the POQ reduces—being almost 10 times lower for a POQ of 4 units than for a POQ of 96 units. Moreover, in relation to cost, it can be seen how the minimum inventory costs and procurement management costs are for a POQ of 96 units. However, the relevant cost reduction occurs in the change from a POQ of 4 units to a POQ of 24 units, almost USD 9000, while the change from 24 to 96 units represents less than USD 4000.



As can be seen in Table 3, five different POQ are also evaluated for the third scenario. As this scenario represents planning that reproduces a reality in which the supply reliability is affected, there are deviations that imply delays, reducing the service levels for the different POQ options. Service levels increase as does the POQ, however, a significant increase in the service levels in the number of products is realized up to a POQ that equals the maximum POQ level, which represents a difference with scenario 2. In addition, inventories are also lower as the POQ reduces—being almost 15 times lower for a POQ of 4 units than for a POQ of 96 units. Moreover, in relation to cost, it can be seen how the minimum inventory costs and procurement management costs are for a POQ of 96 units. In this case, on the contrary, as for the second scenario, the relevant cost reduction occurs in the change from a POQ of 24 units to a POQ of 96 units, almost USD 30,000, while the change from 4 to 24 units represents less than USD 20,000. This can be explained by the fact that the service level in days for a POQ equal to the EOQ is almost half than the service level with a POQ of 96 units. This implies that the delivery reliability of the plant is low and therefore the stock-out costs are a relevant factor in the scenario. This scenario presents the lower levels of inventories for all POQ due to the fact that the raw materials are not in the warehouse for long lead times as the backlog needs to be recovered and as soon as the raw materials are available, they are assembled and sent to the client.




6. Discussion


Being able to select the most appropriate procurement order quantity can lead to relevant implications on service and cost performances. However, as syndicated with the simulation results, the most suitable procurement order quantity for the same demand depends on the supply reliability, i.e., the supply behavior. As a result, for the same demand and for the same product, there should be different procurement order quantities based on the procurement reliability of the supplier. By doing so, a manager can secure operations in the plant under their responsibility with complete planning that includes the supply deviations.



Based on the need to consider the supplier’s behavior, in the sense of their procurement reliability (in quantity and time) to generate robust procurement plans, the selection of differentiating procurement order quantities represents a key factor for logistics managers to design, optimize, and secure operations. To provide a framework for managers on how to select the most suitable POQ, Figure 9 presents a methodological sequence for this purpose while considering a given master production schedule and organizational strategy. With this information, five steps are to be followed to enable a continuous improvement process in the selection of the POQ that implies a global optimization of the supply chain. The first step consists of executing the planning—assuming a reliable supply. Then, in the second step, the expected supplier´s behavior is to be considered to simulate what-if scenarios. With the results and the probability of different kinds of behaviors and reliability levels, in the third step, the selection of the suitable POQ can be performed. Afterward, in the fourth step, the execution in the planning time horizon, providing actual indicators, can be compared with the target indicators. Finally, after the comparison, the deviations with target goals influence the continuous improvement process based on the organizational strategy, which will imply, for instance, the need for more or less safety stocks in the next procurement planning cycle.



Based on the current global situation, in which supply chain disruptions and shortages, production stoppages, and stock-outs are becoming increasingly common and are developing into a global supply crisis, the trend for procurement order quantities and related factors is expected to be as follows:




	
One expected strategy is to increase procurement order quantities as producers will try to secure operations considering the supply uncertainty, thus leading to increased ordering to cover the potential future lack of supplies;



	
Another strategy is to maintain procurement order quantities with orders being placed in advance as producers expect supply delivery delays;



	
A third strategy might be to order the same or more procurement order quantities distributed in lower order quantities assigned to different suppliers while considering the supply risk of each supplier and potential order cancellations.








All three strategies lead—if orders are delivered according to planned dates—to an increase in the average stock levels. In an uncertain context, an increase in stocks up to a certain level will be beneficial when considering the opportunity costs of stock-outs that might arise. However, if there is no collaboration regarding transparency among supply chain partners, it could lead to the generation of a bullwhip effect that could then develop into a supply crisis. In this situation, suppliers and producers will give priorities depending on product margins or strategic factors as they might have a higher quantity in their order books than they are able to process. This prioritization leads to the supply of goods with differentiated strategies depending on the product margin, product characteristics, sector, geographical location, etc., which may imply there will be some products or sectors suffering more from the lack of supplies than others.



To balance this situation for producers, the proposed methodology provides a reliable method to balance stocks and stock-out consequences based on the selection of appropriate procurement order quantities based on the supplier´s behavior. Moreover, it should be complemented with transparency among supply chain partners and with alignment to the organizational strategy. As a result, and based on the potential supply crisis and related risks, this methodology is key to securing operations, balancing stock levels and opportunity costs, and building trust in the relationships among supply chain partners.




7. Conclusions


This section is divided into theoretical, managerial, and empirical conclusions, and explains the limitations of the research as well as describing the potential research work derived.



Theoretical conclusions: This research provides syndication of the need for models and systems to respond to the increasing global risks of supply that are creating major disruptions in international supply chains. Moreover, it provides a contribution via the methodology and developed system to deal with this challenge:




	
The current challenges of procurement methodologies and supply planning systems were described;



	
A new methodology for assessing and improving procurement order quantities was developed;



	
A system enabling the simulation of scenarios for determining the best-fit procurement order quantity depending on the supply risk pattern was developed.



	
Managerial conclusions:



	
The methodology can support managers in the management and distribution of functions in production and procurement planning departments;



	
The system for materials requirements planning with simulation capabilities can provide managers with short-term procurement insights to deal with the pressure of managerial decision making;



	
Steps for assessing, selecting, and improving the procurement strategy were described in the discussion section.








Empirical conclusions: To prove the utility of the new concept a simulation of a component manufacturer´s materials requirement planning was performed. In the simulation, planning data are reliable, with the exception of the procurement risk of the supplier responsible to supply a material needed to produce the final product. The simulated scenarios analyze the procurement order quantity for different supply disruption or shortages scenarios. The benefits of the simulation—and its results—are:




	
The results provide evidence that suppliers’ behavior regarding supply risks is relevant for target indicators as a key factor when defining the procurement strategy of any producer;



	
When suppliers’ behavior, in terms of the delivery date, is reliable, the best set of target indicators are obtained for a procurement order quantity equal to the economic order quantity (EOQ);



	
When suppliers’ behavior, in terms of the delivery date, is not reliable the best set of target indicators are obtained for a procurement order quantity not equal to the economic order quantity (EOQ) and that will depend on the organization’s goals concerning the service level to the customer and total inventory costs;



	
When suppliers’ behavior in terms of the delivery date is not reliable, a procurement order quantity lower than the economic order quantity (EOQ) provides higher backlogs and lower service levels with end-customers;



	
When suppliers’ behavior, in terms of the delivery date, is not reliable, a procurement order quantity higher than the economic order quantity (EOQ) provides lower backlogs and higher service levels with end-customers with a small increase in average inventory levels.








Limitations of this research work include:




	
A product with two-component levels and with no great complexity;



	
Factors as demand, replenishment times set as constant to isolate the factors in consideration in the research work;



	
Lack of organizations working with this methodology;



	
The tool developed does not include the connection with other related data such as demand planning or distribution management;



	
The model does not consider its integration into a system landscape;



	
The selection of the most appropriate procurement order quantity depends on the user, as the user decides on the different scenarios to be compared;



	
The selection of the procurement order quantity does not consider other factors such as organizational strategy and other planning methods and horizons.








Future research: The potential research derived from this paper is:




	
Combine or consider other procurement factors and policies;



	
Apply in other product structures and production characteristics as case studies;



	
Add the influence of intelligent capabilities based on data analytics;



	
Integrate the methodology in a planning system with greater functionalities.








In summary, the research shows the potential benefits of differentiated order quantity strategies depending on suppliers’ procurement behavior and their associated supply risk. As a result, the proposed methodology provides a useful tool for organizations and managers to align organizational strategies to the procurement performance and reliability to ensure greater flexibility and adaptability to secure supplies in procurement shortages and disruptions.
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Appendix A. Formulae of the Economic Order Quantity


Calculation of the classic EOQ allowed [49]:


     EOQ          Units   =      Q   E  =     2 × A × S   I × C      








where    Q E     = EOQ; A = annual demand (units/year); S = procurement cost per order (USD); C = cost per unit depending on the batch size (USD/unit); I = inventory holding costs (1/year).




Appendix B. Formulae of Key Performance Indicators (KPIs)


KPIs are presented below.
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Table A1. Target system: KPIs and formulae.
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	No.
	Key Indicator
	Formula





	1
	∑ Demand (products)
	     ∑  t = 1  n   D e m a n d   a t   t i m e   p e r i o d   t   



	2
	On-time delivery (%)
	       ∑   t = 1  n  P r o d u c t s   d e l i v e r e d   o n   t i m e     ∑   t = 1  n  T o t a l   p r o d u c t s   o r d e r e d     × 100 %   



	3
	Service level (%)
	       ∑   t = 1  n  W e e k s   w i t h o u t   p r o d u c t   b a c k l o g     ∑   t = 1  n  t   × 100 %   



	4
	Ø Customer backlog (products)
	       ∑   t = 1  n  C u s t o m e r   b a c k l o g     p r o d u c t s       ∑   t = 1  n  t   .   



	5
	∑ Weeks with customer backlog (weeks)
	     ∑  t = 1  n   C u s t o m e r   b a c k l o g     w e e k s   .     



	6
	Ø Stock (products)
	       ∑   t = 1  n  S t o c k   a t   t h e   w a r e h o u s e s   a t   t i m e   t     ∑   t = 1  n  t     



	7
	∑ Procurement orders (orders)
	     ∑  t = 1  n   P r o c u r e m e n t   o r d e r s   a t   t i m e   p e r i o d   t   



	8
	∑ Inventory costs (mil. USD)
	     ∑  t = 1  n   P r o c u r e m e n t   c o s t s      + W a r e h o u s e   S t o r a g e   c o s t s      + S t o c k o u t   c o s t s .     



	9
	∑ Procurement management costs (mil. USD)
	     ∑  t = 1  n   O r d e r s   C o s t   p e r   O r d e r      + W a r e h o u s e   S t o r a g e   c o s t s      + S t o c k o u t   c o s t s .     



	10
	∑ Procurement costs (USD)
	     ∑  t = 1  n   U n i t s × C o s t   p e r   U n i t      + O r d e r s × C o s t   p e r   O r d e r   



	11
	∑ Warehouse storage costs (USD)
	     ∑  t = 1  n   W a r e h o u s e   S t o r a g e   C o s t   p e r   U n i t     



	12
	∑ Capital commitment costs (USD)
	     ∑  t = 1  n   I n v e n t o r y   v a l u e × S t o r a g e   t i m e      × I n t e r e s t   r a t e   



	13
	∑ Storage costs (USD)
	     ∑  t = 1  n   U n i t s   x   C o s t   p e r   u n i t     



	14
	∑ Stockout costs (USD)
	     ∑  t = 1  n   P e n a l t y   p e r   u n i t   b a c k l o g g e d      × u n i t s   b a c k l o g g e d     










References


	



Bonney, M.; Jaber, M.Y. Environmentally responsible inventory models: Non-classical models for a non-classical era. Int. J. Prod. Econ. 2011, 133, 43–53. [Google Scholar] [CrossRef]

	



Harris, F.W. How many parts to make at once. Oper. Res. 1990, 38, 947–950. [Google Scholar] [CrossRef]

	



Syntetos, A.A.; Boylan, J.E.; Disney, S.M. Forecasting for inventory planning: A 50-year review. J. Oper. Res. Soc. 2009, 60 (Suppl. S1), S149–S160. [Google Scholar] [CrossRef]

	



Shofa, M.J.; Widyarto, W.O. Effective production control in an automotive industry: MRP vs. demand-driven MRP. AIP Conf. Proc. 2017, 1855, 020004. [Google Scholar]

	



Rashvanlouei, K.Y.; Thome, R.; Yazdani, K. Functional and technological evolution of enterprise systems: An overview. In Proceedings of the 2015 IEEE International Conference on Industrial Engineering and Engineering Management (IEEM), Singapore, 6–9 December 2015; pp. 67–72. [Google Scholar]

	



Rashid, M.A.; Hossain, L.; Patrick, J.D. The evolution of ERP systems: A historical perspective. In Enterprise Resource Planning: Solutions and Management; Idea Group Publishing: London, UK; Herschey, PA, USA, 2002; pp. 35–50. [Google Scholar]

	



Ashayeri, J.; Heuts, R.J.M.; Lansdaal, H.G.L.; Strijbosch, L.W.G. Cyclic production–inventory planning and control in the pre-Deco industry: A case study. Int. J. Prod. Econ. 2006, 103, 715–725. [Google Scholar] [CrossRef]

	



Bonney, M.C. Trends in inventory management. Int. J. Prod. Econ. 1994, 35, 107–114. [Google Scholar] [CrossRef]

	



Guchhait, P.; Maiti, M.K.; Maiti, M. Production-inventory models for a damageable item with variable demands and inventory costs in an imperfect production process. Int. J. Prod. Econ. 2013, 144, 180–188. [Google Scholar] [CrossRef]

	



Wiendahl, H. Auftragsmanagement der Industriellen Produktion: Grundlagen, Konfiguration, Einführung; Springer: Berlin/Heildelberg, Germany, 2011. [Google Scholar]

	



Fleisch, E.; Christ, O.; Dierkes, M. Die betriebswirtschaftliche vision des internets der dinge. In Das Internet der Dinge; Springer: Berlin/Heidelberg, Germany, 2005; pp. 3–37. [Google Scholar]

	



Otto, A. Supply chain event management: Three perspectives. Int. J. Logist. Manag. 2003, 14, 1–13. [Google Scholar] [CrossRef]

	



Frazelle, E. Supply Chain Strategy: The Logistics of Supply Chain Management; McGraw Hill: New York, NY, USA, 2002; p. 117. [Google Scholar]

	



Siller, U. Optimierung Globaler Distributionsnetzwerke: Grundlagen, Methodik, Praktische Anwendung; Gabler Verlag: Wiesbaden, Germany, 2011. [Google Scholar]

	



Christopher, M. Logistics and Supply Chain Management; Logistics and Supply Chain Management Creating Value-Added Networks; Pearson Education Limited: Harlow, UK, 2005. [Google Scholar]

	



Jodlbauer, H. Produktionsoptimierung; Springer Science & Business: Berlin/Heidelberg, Germany, 2008. [Google Scholar]

	



Capgemini. Customer Back on Top of the Supply Chain Agenda in 2010. From Financial Crisis to Recovery: Does the Financial Crisis Still Dictate Supply Chain Agendas? Capgemini Consulting: Utrecht, The Netherlands, 2010. [Google Scholar]

	



Chowdhury, M.T.; Sarkar, A.; Paul, S.K.; Moktadir, M.A. A case study on strategies to deal with the impacts of COVID-19 pandemic in the food and beverage industry. Oper. Manag. Res. 2020, 13, 1–13. [Google Scholar] [CrossRef]

	



Leite, H.; Lindsay, C.; Kumar, M. COVID-19 outbreak: Implications on healthcare operations. TQM J. 2020, 33, 247–256. [Google Scholar] [CrossRef]

	



Gallego-García, S.; García-García, M. Market-Oriented Procurement Planning Leading to a Higher Service Level and Cost Optimization. Appl. Sci. 2020, 10, 8734. [Google Scholar] [CrossRef]

	



Kilic, O.A.; Tarim, S.A. An investigation of setup instability in non-stationary stochastic inventory systems. Int. J. Prod. Econ. 2011, 133, 286–292. [Google Scholar] [CrossRef]

	



Butt, J. A Strategic Roadmap for the Manufacturing Industry to Implement Industry 4.0. Designs 2020, 4, 11. [Google Scholar] [CrossRef]

	



Mula, J.; Poler, R.; García-Sabater, J.P.; Lario, F.C. Models for production planning under uncertainty: A review. Int. J. Prod. Econ. 2006, 103, 271–285. [Google Scholar] [CrossRef]

	



Schuh, G.; Stich, V. (Eds.) Produktionsplanung und-Steuerung 1: Grundlagen der PPS; Springer: Berlin/Heidelberg, Germany, 2012. [Google Scholar]

	



Nyhuis, P. Produktionskennlinien—Grundlagen und Anwendungsmöglichkeiten; Springer: Berlin/Heidelberg, Germany, 2008. [Google Scholar]

	



Nyhuis, P. Wandlungsfähige Produktionssysteme; Gito-Verlag: Berlin, Germany, 2010. [Google Scholar]

	



Schuh, G.; Brosze, T.; Brandenburg, U.; Cuber, S.; Schenk, M.; Quick, J.; Hering, N. Grundlagen der Produktionsplanung und-Steuerung. In Produktionsplanung und-Steuerung; Springer: Berlin/Heidelberg, Germany, 2012; Volume 1, pp. 11–293. [Google Scholar]

	



Santamaría Peraza, R. La cadena de suministro en el perfil del ingeniero industrial: Una aproximación al estado del arte. Ing. Industrial. Actual. Y Nuevas Tend. 2012, 3, 39–50. [Google Scholar]

	



Wannenwetsch, H. Integrierte Materialwirtschaft, Logistik und Beschaffung; Springer: Berlin/Heidelberg, Germany, 2014. [Google Scholar]

	



Tompkins, J.A. (Ed.) Das große Handbuch Distribution: [effizientes Waren-und Versandmanagement; mit Entscheidungshilfen zu EDV-Anwendungen]; Verlag Moderne Industrie: Landsberg am Lech, Germany, 1998. [Google Scholar]

	



Grün, O.; Jammernegg, W. Grundzüge der Beschaffung, Produktion und Logistik; Pearson: Munich, Germany, 2009. [Google Scholar]

	



Meyer, J.C.; Sander, U.; Wetzchewald, P. Bestände Senken, Lieferservice Steigern-Ansatzpunkt Bestandsmanagement; FIR: Aachen, Germany, 2019. [Google Scholar]

	



Sebastian, H.J. Optimierung von Distributionsnetzwerken. In BoD–Books on Demand; EAGLE: Leipzig, Germany, 2013. [Google Scholar]

	



Stadtler, H.; Kilger, C. Supply Chain Management and Advanced Planning; Springer: Berlin/Heidelberg, Germany, 2002. [Google Scholar]

	



Schuh, G.; Stich, V.; Wienholdt, H. Logistikmanagement; Springer: Berlin/Heidelberg, Germany, 2013. [Google Scholar]

	



Magee, J.F. Guides to Inventory Policy, I. Functions and Lot Sizes. Harv. Bus. Rev. 1956, 34, 49–60. [Google Scholar]

	



Alamri, A.A. Economic Production Lot Size Inventory Models under Learning and Forgetting Effects. Ph.D. Thesis, King Saud University, Riyadh, Saudi Arabia, 2004. [Google Scholar]

	



Schönsleben, P. Integrales Logistikmanagement: Operations und Supply Chain Management Innerhalb des Unternehmens und Unternehmensübergreifend; Springer: Berlin/Heidelberg, Germany, 2011. [Google Scholar]

	



Muckstadt, J.A.; Sapra, A. Principles of Inventory Management: When You Are down to Four, Order More; Springer Science & Business Media: New York, NY, USA, 2010. [Google Scholar]

	



Schneider, H.M.; Buzacott, J.A.; Rücker, T. Operative Produktionsplanung und-Steuerung: Konzepte und Modelle des Informations-und Materialflusses in komplexen Fertigungssystemen; Oldenbourg Wissenschaftsverlag: München, Germnay, 2005. [Google Scholar]

	



Chandraju, S.; Raviprasad, B.; Kumar, C. Implementation of system application product (SAP) materials management (MM-Module) for material requirement planning (MRP) in sugar industry. Int. J. Sci. Res. Publ. 2012, 2, 1–5. [Google Scholar]

	



Gallego-García, S.; Reschke, J.; García-García, M. Design and simulation of a capacity management model using a digital twin approach based on the viable system model: Case study of an automotive plant. Appl. Sci. 2019, 9, 5567. [Google Scholar] [CrossRef]

	



Brunner, A. Simulationsbasierte Bewertung von Supply-Chain-Management-Konzepten; Apprimus Verlag: Aachen, Germany, 2011. [Google Scholar]

	



Campuzano, F.; Bru, J.M. Supply Chain Simulation: A System Dynamics Approach for Improving Performance; Springer Science & Business Media: Berlin/Heidelberg, Germany, 2011. [Google Scholar]

	



Reggelin, T. Schneller Entscheiden; Log.Kompass; DVV Media Group: Hamburg, Germany, 2012. [Google Scholar]

	



Sterman, J.D. Business Dynamics: Systems Thinking and Modeling for a Complex World; Irwin/McGraw-Hill: New York, NY, USA, 2000. [Google Scholar]

	



Arnold, D.; Furmans, K. Materialfluss in Logistiksystemen; Springer: Berlin/Heidelberg, Germany, 2005; Volume 6. [Google Scholar]

	



Chang, Y.; Makatsoris, H. Supply chain modeling using simulation. Int. J. Simul. 2001, 2, 24–30. [Google Scholar]

	



Hannon, B.M.; Ruth, M. Dynamic Modeling; Springer: New York, NY, USA; London, UK, 2001. [Google Scholar]








[image: Applsci 11 10374 g001 550] 





Figure 1. Evolution of planning models and systems: From the EOQ model to ERP systems (own Elaboration based on [4,5,6]). 
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Figure 2. Target parameter system (own elaboration). 






Figure 2. Target parameter system (own elaboration).



[image: Applsci 11 10374 g002]







[image: Applsci 11 10374 g003 550] 





Figure 3. Parameter system target (own elaboration). 
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Figure 4. Procurement order quantity planning based on deviation and compensation factors in three incremental adaptability phases (own elaboration). 
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Figure 5. Production flow of the simulation (own elaboration). 
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Figure 6. Input–output diagram of the simulation model (own elaboration). 
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Figure 7. Sub-models areas of the simulation model (own elaboration). 
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Figure 8. Simulation scenarios based on supply reliability and disruption level (own elaboration). 
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Figure 9. Methodological sequence for the selection of the most suitable procurement order quantity based on the supplier’s behavior (own elaboration). 
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Table 1. Simulation results for scenario 1: A reliable supply behavior.
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No.

	
Key Indicator

	
Procurement Order Quantity (POQ), # Units




	
POQ 1

4 Units

	
POQ 2

16 Units

	
POQ 3

EOQ = 24

	
POQ 4

48 Units

	
POQ 5

96 Units






	
1

	
∑ Demand (# products)

	
356

	
356

	
356

	
356

	
356




	
2

	
Cumulated Service level (%, products)

	
100.0%

	
100.0%

	
100.0%

	
100.0%

	
100.0%




	
3

	
Cumulated Service level (%, days)

	
100.0%

	
100.0%

	
100.0%

	
100.0%

	
100.0%




	
4

	
∑ Backlog (# products)

	
0

	
0

	
0

	
0

	
0




	
5

	
∑ Backlog (# days)

	
0

	
0

	
0

	
0

	
0




	
6

	
Ø Stocks (# units)

	
6.6

	
12.7

	
16.8

	
30.1

	
57.2




	
7

	
∑ Procurement Orders (# orders)

	
54

	
22

	
15

	
8

	
4




	
8

	
∑ Inventory costs (USD)

	
216,010

	
214,961

	
214,838

	
215,063

	
215,931




	
9

	
∑ Procurement management costs (USD)

	
2410

	
1361

	
1238

	
1463

	
2331




	
10

	
∑ Procurement costs (USD)

	
215,760

	
214,480

	
214,200

	
213,920

	
213,760




	
11

	
∑ Warehouse storage costs (USD)

	
250

	
481

	
638

	
1143

	
2171




	
12

	
∑ Capital commitment costs (USD)

	
83

	
160

	
213

	
381

	
724




	
13

	
∑ Storage costs (USD)

	
167

	
320

	
425

	
762

	
1447




	
14

	
∑ Stock-out costs (USD)

	
0

	
0

	
0

	
0

	
0
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Table 2. Simulation results for scenario 2: Non-reliable supply behavior—week disruptions.
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No.

	
Key Indicator

	
Procurement Order Quantity (POQ), # Units




	
POQ 1

4 Units

	
POQ 2

16 Units

	
POQ 3

EOQ = 24

	
POQ 4

48 Units

	
POQ 5

96 Units






	
1

	
∑ Demand (# products)

	
356

	
356

	
356

	
356

	
356




	
2

	
Cumulated Service level (%, products)

	
89.9%

	
93.3%

	
95.5%

	
95.5%

	
95.5%




	
3

	
Cumulated Service level (%, days)

	
69.0%

	
74.1%

	
75.9%

	
86.2%

	
91.4%




	
4

	
∑ Backlog (# products)

	
36

	
24

	
16

	
16

	
16




	
5

	
∑ Backlog (# days)

	
18

	
15

	
14

	
8

	
5




	
6

	
Ø Stocks (# units)

	
5.1

	
10.0

	
13.4

	
25.6

	
50.8




	
7

	
∑ Procurement Orders (# orders)

	
54

	
22

	
15

	
8

	
4




	
8

	
∑ Inventory costs (USD)

	
231,153

	
224,260

	
222,510

	
219,091

	
218,888




	
9

	
∑ Procurement management costs (USD)

	
17,553

	
10,660

	
8910

	
5491

	
5288




	
10

	
∑ Procurement costs (USD)

	
215,760

	
214,480

	
214,200

	
213,920

	
213,760




	
11

	
∑ Warehouse storage costs (USD)

	
193

	
380

	
510

	
971

	
1928




	
12

	
∑ Capital commitment costs (USD)

	
64

	
127

	
170

	
324

	
643




	
13

	
∑ Storage costs (USD)

	
129

	
253

	
340

	
647

	
1285




	
14

	
∑ Stock-out costs (USD)

	
15,200

	
9400

	
7800

	
4200

	
3200
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Table 3. Simulation results for scenario 3: Non-reliable supply behavior (two weeks disruptions).






Table 3. Simulation results for scenario 3: Non-reliable supply behavior (two weeks disruptions).





	
No.

	
Key Indicator

	
Procurement Order Quantity (POQ), # Units




	
POQ 1

4 Units

	
POQ 2

16 Units

	
POQ 3

EOQ = 24

	
POQ 4

48 Units

	
POQ 5

96 Units






	
1

	
∑ Demand (# products)

	
356

	
356

	
356

	
356

	
356




	
2

	
Cumulated Service level (%, products)

	
83.1%

	
88.8%

	
88.8%

	
95.5%

	
95.5%




	
3

	
Cumulated Service level (%, days)

	
32.8%

	
37.9%

	
39.7%

	
53.4%

	
72.4%




	
4

	
∑ Backlog (# products)

	
60

	
40

	
40

	
16

	
16




	
5

	
∑ Backlog (# days)

	
39

	
36

	
35

	
27

	
16




	
6

	
Ø Stocks (# units)

	
2.9

	
6.1

	
8.1

	
16.2

	
41.0




	
7

	
∑ Procurement Orders (# orders)

	
54

	
22

	
15

	
8

	
4




	
8

	
∑ Inventory costs (USD)

	
283,869

	
269,911

	
265,308

	
253,534

	
237,516




	
9

	
∑ Procurement management costs (USD)

	
70,269

	
56,311

	
51,708

	
39,934

	
23,916




	
10

	
∑ Procurement costs (USD)

	
215,760

	
214,480

	
214,200

	
213,920

	
213,760




	
11

	
∑ Warehouse storage costs (USD)

	
109

	
231

	
308

	
614

	
1.556




	
12

	
∑ Capital commitment costs (USD)

	
36

	
77

	
103

	
205

	
519




	
13

	
∑ Storage costs (USD)

	
73

	
154

	
205

	
410

	
1037




	
14

	
∑ Stock-out costs (USD)

	
68,000

	
55,200

	
50,800

	
39,000

	
22,200
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