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Abstract

:

The need for efficient electrical energy consumption has greatly expanded in the process industries. In this paper, efforts are made to recognize the electrical energy consumption in a two-echelon supply chain model with a stochastic lead-time demand and imperfect production, while considering the distribution free approach. The initial investments are made for quality improvement and setup cost reduction, which ultimately reduce electrical energy consumption. The inspection costs are considered in order to ensure the good qualities of the product. Centralized and decentralized strategies are used to analyze the proposed supply chain model. The main objective of this study is to reduce the overall cost through efficient electrical energy consumption in supply chain management by optimizing the lot size, the number of shipments, the setup cost, and the failure rate. A quantity-based transportation discount policy is applied to reduce the expected annual costs, and a service-level constraint is incorporated for the buyer to avoid a stockout situation. The impact of the decision variables on the expected total costs is analyzed, and sensitivity analysis is carried out. The results show a significant reduction in overall cost, with quality improvement and setup cost reduction ultimately reducing electrical energy consumption.
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1. Introduction


The supply chain is a complex process consisting of several parameters that need to be controlled. Among them, the few parameters that can be controlled by making some additional investments include the setup cost, lead time, and quality of the products, as shown by Sarkar and Sarkar [1]. Certain parts of the manufacturing units need to be improved with state-of-the-art technology to reduce the energy consumption and enhance the quality of the products. These parts are replaced with some additional investment for setup cost and process quality improvement. Managers seek to optimize the supply chain costs; therefore, they analyze various aspects of the supply chain management systems. In the process industries, the cost of energy consumption is usually a small portion of the overall production cost. Therefore, less attention is given to energy consumption. Among the various types of energies used in the supply chain operation, electrical energy is the most consumed. Thus, efforts are made in this model to recognize the cost associated with electrical energy consumption.



In the supply chain management literature, most of the supply chain models have considered a fixed setup cost, constant lead time, and the perfect quality of the products, as indicated by Sarkar et al. [2]. However, the manufacturing setup cost can be reduced, the process quality can be improved, and the lead time can be controlled by making smart investments in various aspects of the system. The production system moves from an in-control state to an out-of-control state due to the following reasons: persistent usage of the machinery, inadequate process control, human negligence, and mishandling during the shipment. Therefore, imperfect-quality products are manufactured with the perfect-quality products in a long-run production system. These imperfect products add some additional cost to the vendor in the shape of replacement costs for defective items, and during this long process, an enormous amount of energy is consumed. In the imperfect production process, a huge amount of energy is consumed during the inspection process, defective unit replacement, ordering time, and setup time. In such situations, with the enormous amount of energy consumption, the risk of product shortage may occur, which may lead to damage to the brand image.



A number of quality management practices have been reported in the production management literature to deal with the uncertainties in the production systems. In this course of action, Salameh and Jaber [3] extended the basic economic production quantity (EPQ) model to an imperfect production system by incorporating a full inspection of the entire lot, but there is not a single assumption in their model related to energy consumption during the production. The basic inventory model is extended to the case of an imperfect production process in several studies, and effective polices are provided for the overall system cost reduction. However, these studies did not consider efficient energy consumption in the production system [4,5,6]. Several models in this direction considered the defective rate as a constant, such as those in the research of Salameh and Jaber [3], Khan et al. [7], and Chung [8]. However, in many studies, the random defective rate is considered (see Tayyab and Sarkar [9] and Cárdenas-Barrón et al. [10]). Moreover, the emergence of philosophies such as “just-in-time” in the recent past has enabled managers to focus on the reduction of lead-time components. These components include the order preparation time, transit time, lead time of the supplier, time of delivery, and the setup time. In fact, the lead time is reduced by incurring an additional amount as the crashing cost on lead-time components. These costs include administrative costs, agile transportation, and the vendor’s process speed-up cost for the reduction in waiting time. There are several advantages of the reduction of the lead time in the form of a high service level, quick response time, and—due to the lead-time reduction—less energy being consumed. This can provide an advantage to overcome the uncertainties of product demand in a competitive environment (see Ben-Daya and Hariga Sarkar [5]).



Based on the above perspective, the objective of this study is to design an optimization model with the objective to reduce the total costs of the system while considering the imperfect production and the efficient electrical energy consumption. A two-echelon supply chain model with two strategies is developed in this study. The first model is developed based on a centralized framework, while the second model provides a decentralized approach. In the decentralized policy, the interactive decisions between the retailer and the manufacturer are based on the Stackelberg approach. The imperfect production process is considered with a variable lead time, and the buyer’s lead time is reduced by adding a crashing cost. Additional initial investments are made to improve the process quality and reduce the setup cost. These investments are used to update the technologies, which helps produce good quality products with less energy consumption; in turn, this will reduce the overall supply-chain costs. The initial investment made for quality improvement retains the production system in the in-control state, which saves energy consumption due to this state having a smaller number of production system failures than the existing one. The service-level constraint is used to meet the demand from the existing stock. The transportation discounts are allowed on a quantity basis, and the optimal lot size is determined. The distribution-free approach (Scarf [11] and Gallego and Moon [12]) is used to solve the model.



In this model, costs related to shortages are not considered for the buyers because of the high penalty costs associated with shortages. Due to the stockout situations, the buyer can face the worst situation in the form of goodwill or brand image loss, and if the shortage occurs during the production process, an enormous amount of energy is wasted to backorder. In the inventory management and operation management literature, it is suggested that the cost associated with shortages and service-level constraints have an equal impact on the overall cost of the model simultaneously. Due to the use of service-level constraint, the consumption of electrical energy reduces. Therefore, the service-level constraint is used as the replacement of shortages in the system. In the literature, the shortage cost is replaced with the condition on service level, and it is assumed that the buyer has set a certain service level in terms of the fill rate that satisfies the corresponding proportion of demand from the available stock [13,14,15,16]. Therefore, the service-level constraint sets a limit on the proportion of demand that was not met from the available stock, which should not exceed a specified value. Consequently, the buyer service level measure reflects that a certain fraction of the demand, which is satisfied regularly, is expressed by  λ .



The basic inventory model by Harris [17] assumes that arriving goods are of perfect quality, although the supply process of goods rarely conforms to the specification. This results in the deviation in quantity or time, which leads to delay and might also negatively affect the brand image. To meet the inferior quality manifestations, many researchers relaxed the perfect supply assumption made in the basic inventory model. Considering the inventory model, Salameh and Jaber [3] analyzed the lot size with imperfect quality items and entire lot inspection. During the screening period in their model, defective items are collected (in batches), and those batches are sold in secondary markets that did not consider the cost associated with the energy consumption during the production. Cárdenas-Barrón [18] provided the corrected solution for the Salameh and Jaber [3] model. Ciavotta et al. [19] minimized the general setup cost within a two-stage production system. They organized the production in batches by considering identical jobs. A robust methodology is developed in the model of Dellino et al. [20] for an uncertain environment. They explained the classical economic ordered quantity with the robust optimization technique. However, no one has considered the amount and associated cost of energy consumption in their models.



To determine the imperfect items in the production model, Goyal and Cárdenas-Barrón [21] discussed a simple approach with optimal results compared to the Salameh and Jaber model [3]. Huang [22] proposed an extension to the Salameh and Jaber [3] model by integrating the inventory model and considering a single-supplier single-buyer integrated-inventory model with an imperfect production system along with inspection activity during the just-in-time environment. Their extension was amazing in the inventory field. However, with the passage of time and increasing competition, certain other parameters need to be recognized, as the energy cost is not much compared to other cost. Still, it possesses some value, which they did not recognize in their model. There are some other additional parameters in this model, such as the introduction of transportation discounts, lead-time reduction, and service-level constraints, which improve the process of the efficient utilization of energy. Ben-Daya and Hariga [5] developed an integrated inventory model to obtain the optimal lot size, the reorder point with imperfect items, and the number of shipments. They considered that the lead demand follows a normal distribution and depends on the lot size and the transportation delay. A vendor–buyer integrated inventory model was developed by Dey and Giri [6] considering the random lead-time demand, the product inspection, and the quality improvement with the shortages. Kim et al. [23] extended the integrated inventory model of Ben-Daya and Hariga [5], and proposed an improved way of calculating imperfect items with backorder items. Still, no one recognizes the cost associated with the electrical energy consumption in their modeling. The efficient electrical energy utilization can only be done once the importance of the energy is recognized.



The inventory model with a finite replenishment rate was developed by Sarkar [24] for the retailer considering the permissible delay-in-payments and stock dependent demand. The imperfect multi-stage lean production system is considered with a rework and random defective rate in the research of Tayyab and Sarkar [9]; however, in their model, rework is performed on the defective items. They did not consider the initial investment for quality improvement in an imperfect production system; by rework, additional costs are incurred on the products, and sometimes, rework is not possible for quality improvement. No author has thought about the cost associated with electrical energy consumption during defective product production. The increase in energy-related costs, including its demand, legislation, and its consumer’s environmental awareness in recent times has influenced the industries to consider carefully the energy consumption and the associated cost. Therefore, the recent studies related to the production model have considered the energy-related costs. Tang et al. [25] investigated the production planning problem in a stochastic environment, and considered the energy consumption costs for the steel production process. In their model, the energy consumption cost was the nonlinear function of production quantity. Gahm et al. [26] developed the energy-efficient scheduling approaches to improve the energy efficiency. Furthermore, they introduced three energy dimensions: energy supply, energy demand, and energetic coverage. Keller and Reinhart [27] considered an approach that integrated energy supply information in the enterprise resource planning system, and they had the idea of energy flexibility, energy efficiency, and industry internal and external energy supply.



Du et al. [28] and Todde et al. [29] developed the models considering energy consumption and energy analysis. In the Tomić and Schneider [30] model, the energy recovery methods were explained from the waste by applying a closed-loop energy recovery approach. Haraldsson and Johansson [31] studied the various types of the energy efficiency in a production system; however, their model did not consider the imperfect production system. Although energy is consumed throughout the production system, these energy consumption-related costs are usually low, which is why due importance is generally not given to them compared with the other production-related costs. Specially, the main gap in the existing literature is in the supply chain model, where the energy-related costs are not considered. These costs have an enormous impact on overall cost as well as environmental impact. This study initiates the use of energy consumption cost in a two-echelon supply with an imperfect production process.



Managers dealing with production decisions under uncertain conditions must know the lead-time distribution of the demand. However, it’s very challenging and time-consuming to find the accurate distribution pattern. Therefore, it’s crucial for industries and researchers to find a way of calculating the total system cost without having the data on lead-time demand distribution. To deal with this problem, Scarf [11] first introduced the distribution-free newsboy issue with a known standard deviation and mean of the lead-time demand. Gallego and Moon [12] modified the ordering rule of [11]. Scarf [11] initiated the ordering rule when the distribution of lead-time demand is not present. Gallego and Moon [12] simplified the approach developed by scarf [11]. This approach is used when distribution does not follow any pattern, but the variance and the mean of the demand are available. It was used for finding the optimal ordering quantity to maximize the profit in case of the worst possible distribution of the demand.



The distribution-free approach is used in many directions, specifically in the inventory field. To find the optimal ordering quantity and the reordering point, a distribution-free continuous review inventory model was developed by Moon and Choi [14]. The optimal ordering quantity and lead time were considered by Ouyang and Wu [13]. They introduced the lead-time crashing cost. Ouyang and Chang [32] utilized the logarithmic function of Porteus [33] for quality improvement in the imperfect production process by applying the distribution-free procedure. To reduce the setup cost and to improve the quality, Ouyang et al. [4] utilized the distribution-free approach in a lot size reorder point model with the imperfect production process. The continuous review inventory model by Ma and Qiu [16] considered the distribution-free approach with an improvement in the setup cost while considering a service-level constraint. A transportation discount was introduced by Shin et al. [34] in a review inventory model with controllable lead time and a service-level constraint. The joint replenishment model was provided by Braglia et al. [35] considering stochastic lead-time demand with backorder and lost sales, but they did not consider the efficient energy consumption and cost associated with energy.



The electrical energy consumption and the related costs in the imperfect production system have not been studied in the available supply chain management literature. The cost associated with electrical energy consumption is modeled in this paper. Nevertheless, these costs are a smaller portion of the production cost, but the energy is consumed in every supply chain operation, and there is a need to reduce the associated cost. The wastage of energy is not only a financial loss; it also damages the environment. The proposed study develops a two-echelon supply chain model with an imperfect production system and identifies the electrical energy consumption costs under a stochastic demand. To reach the global optimal solution, an improved algorithm is developed in this paper. The initial investments are made for quality improvement and setup cost reduction. The inspection process is performed at the buyer end to reduce the electrical energy consumption. The service-level constraint is considered, and the demand is met from the available stock. Transportation discounts are offered on a certain quantity to attract customers. The min–max distribution-free approach is considered in this model with a known mean and standard deviation regarding the lead-time demand. Generally, the information on lead-time demand distribution is difficult to collect. If the distribution is known, then the expected shortage amount can be determined by utilizing the identified distribution. If the lead-time distribution of the demand is not available, then the statistical procedures are used to calculate it. The distribution-free approach provides prominent results; therefore, this approach is utilized to develop the proposed model. Table 1 presents the contribution of this paper.




2. Problem Definition, Notation, and Assumptions


This section consists of the problem definition, notations, and the assumptions of the model.



2.1. Problem Definition


A two-echelon supply chain model is considered with efficient energy consumption under an imperfect production process. In this model, some initial capital investments are made for the production process quality improvement and setup cost reduction. The investment, made in process quality improvement, is restricting the production process to move to the out-of-control state from the in-control state. When the production process moves to the out-of-control state, a huge amount of energy is wasted on defective products. Therefore, the initial investment is made for process quality improvement, and the setup cost reduction reduces the total cost of the supply chain with the efficient electrical energy consumption. A quantity-based transportation discount is offered to motivate buyers to increase their ordering quantity. Lead-time crashing cost is used for the buyer to reduce the lead time, which ultimately reduces the electrical energy consumption. The number of shipments and the smart lot size are optimized. The service-level constraint is used to avoid shortages, and the fraction of demand is met through the available inventory. Finally, the aim of this model is to minimize the overall supply chain costs with the recognition and minimum electrical energy consumption. The production lot, reorder point, and the number of shipments is optimized. The flow of the supply chain with costs associated to the vendors and buyers are shown in Figure 1.




2.2. Notation


This section describes the related notation of this model (Table 2).




2.3. Assumptions


The following assumptions are considered during the formulation of the proposed supply chain management model:




	
In this supply chain model, the cost of electrical energy consumed during the entire operations (e.g., during setup, ordering, inspection, and inventory holding time) is considered for a single type of product.



	
The electrical energy consumption is taken care of thoroughly with continuous review of the buyer’s inventory; when the inventory level falls to the reorder point, the replenishments are made.



	
When the buyer receives the lot, it is assumed that the complete lot is inspected with the screening rate  x  under efficient electrical energy consumption. Furthermore, the assumption is made that the inspection process is non-destructive and error-free in nature.



	
To omit the shortages from the model, a service-level constraint is utilized with a specific fill rate.



	
The initial capital investments are made for process quality improvement and setup cost reduction by which advanced equipment can be used that consumes the minimum amount of electrical energy.



	
To avoid the extra cost of electrical energy incurred due to the shortages, the supplier production rate and the screening rate are higher than the demand rate. The assumption indicates that   Q  (  1 + ϕ  )   (  1 − ϕ  )  ≥   D Q  (  1 + ϕ  )   x  ,   which can be simplified as   ϕ ≤ 1 − D / x   (refer to Salameh and Jaber [3]). Figure 2 shows the flow of inventory in relation to inspection time.










3. Mathematical Model


The proposed mathematical model is formulated in this section for a two-echelon supply chain under energy consumption consideration.



3.1. Vendor’s Model


This section formulates the vendor’s inventory model as in the Ben-Daya and Hariga [5] model while considering the energy consumption cost in the supply chain. As in most of the supply chain models, the energy consumption cost is not considered during the process, because it is usually a small portion of supply chain cost. Nevertheless, the energy cost has a certain impact on the overall cost. The energy is consumed during various operations such as heating, cooling, lightening, etc. In this model, the electrical energy consumption is considered throughout the entire supply chain. The vendor expected annual cost comprises production setup cost with electrical energy consumption during setup time, the inventory-holding cost with electrical energy consumption, the defective unit replacement cost with energy consumption, the initial investment for setup cost reduction, and process quality improvement. This model is developed for the vendor’s production situation where the buyer places the order, and the vendor starts producing the ordered quantity until the production run has been completed. As under the single-setup multi-delivery policy, the vendor produces the items in the quantity of   n Q  , and the buyer receives these products in lots of size  Q . Therefore, the production cycle length of the vendor is     n Q  D   .



To reduce the supply chain cost, in this model, two initial capital investments are used for product quality improvement and setup cost reduction. The concept of Porteus [33] is considered to improve the production process quality. Initially, the production process is considered as the in-control state; with the passage of time, the production process may move to the out-of-control state, where the defective units are produced until the entire lot is produced, which consumes a significant amount of energy. One good strategy that can resist the system from moving to the out-of-control state from the in-control state is an additional capital investment, which is able to reduce the energy consumptions due to the failure of the production system. For instance, to reduce the out-of-control system probability from 0.00002 to 0.000018, an investment of $200 is made; then, another $200 is furtherly required to reduce it down to 0.000016, and so on. Ultimately, making an initial investment a good choice for the reduction of imperfect production.



Production setup cost with electrical energy consumptions cost



The vendor’s setup cost per production setup is S; as under the single-setup multi-delivery policy, the vendor’s production cycle length is     n Q  D   . A certain amount of energy is consumed during the production setup time, the energy cost incurred during setup is   S ′   per setup. Therefore, the vendor’s production setup cost is:


   =   T h e   v e n d o  r ′  s   s e t u p   c o s t   p e r   p r o d u c t i o n   s e t u p + t h e   e n e r g y   c o n s u m u p t i o n   d u r i n g   s e t u p     T h e   e x p e c t e d   p r o d u c t i o n   c y c l e   l e n g t h      =   D  (  S +    S ′   )    n Q     











Warranty cost with electrical energy consumptions cost



In this model, the   Q ϕ   defective units are replaced with the cost of  W  per product and   W ′   energy consumed during the defective unit replacement, and the vendor’s production cycle length is    Q D   ; therefore, the annual cost of defective unit replacement is:


  = ( W +  W ′  ) D ϕ  











Process quality improvement with electrical energy consumptions cost



The capital investment   I ( ϕ  ) is made (as Porteus [33]) to improve the process quality with a reduction in the out-of-control probability as follows:


  I  ( ϕ )  = α b   l n   l n    (     ϕ 0   ϕ   )    ,   0 < ϕ ≤  ϕ 0  .  











If the investment function,   I  ( ϕ )  = 0  , it implies that no capital investment is made for the quality improvement. However, if some investments are made, then the value of    ϕ 0    will decrease, which indicates that the product quality improvement has been completed with the capital investment. In the actual production system, the  ϕ  value is considered low; this is the reason that the low value of  ϕ  is used in this model. The advantage of applying the logarithmic function is its convexity for the established range of investment function.



Setup cost reduction with electrical energy consumptions cost



In most of the basic inventory models, a fixed setup cost is used. The setup cost of the model can be reduced by using initial investments. Initially, the investment can be important, but it will be reduced in each phase of the model. For this purpose, the logarithmic investment function is used (refer to Porteus [33]):


  I  ( S )  = α B   l n   l n    (     S 0   S   )    ,   0 < S ≤  S 0   











Vendor’s holding cost with electrical energy consumptions cost



The average inventory of the vendor can be calculated (from Figure 3) as the difference of the vendor’s accumulated inventory and the buyer’s accumulated inventory.



That is:


   Vendor   holding   cos t   per   year   =    [  d o t e d   a r e a − b o l d   a r e a  ]   h v  D   n Q      =    [  n Q  (   Q P  +    (  n − 1  )  Q  D   )  − n Q  (    n Q  P   )   (   1 2   )  −  Q D   {  Q + 2 Q + 3 Q + … +  (  n − 1  )  Q  }   ]   h v  D   n Q   ,   








inserting    1 P  = ρ   in the above equation:


  =  [   {  n Q  (  Q ρ +  (  n − 1  )   (   Q D   )   )  −    n 2   Q 2  ρ  2   }  −  {   (     Q 2   D   )   (  1 + 2 + 3 + … +  (  n − 1  )   )   }   ]   (     h v  D   n Q    )  ,  








simplifying by the sum of sequence formula:


  =  [   {  n Q  (  Q ρ +  (  n − 1  )   (   Q D   )   )  −    n 2   Q 2  ρ  2   }  −  {   (     Q 2   D   )   (    n  (  n − 1  )   2   )   }   ]   (     h v  D   n Q    )   











Further simplification of the above equation:


  =  h v   (   Q 2   )   [  n  (  1 − D ρ  )  − 1 + 2 D ρ  ]   











Therefore, the vendor’s holding cost per unit time is:


  =  h v   (   Q 2   )   [  n  (  1 − D ρ  )  − 1 + 2 D ρ  ]  .  











As a certain amount of electrical energy is consumed during the holding time, the cost associated with the energy during the holding time is    h v ′   . Therefore, the vendor’s holding cost became:


  =  (   h v  +  h v ′   )   (   Q 2   )   [  n  (  1 − D ρ  )  − 1 + 2 D ρ  ]  .  











The vendor’s expected annual cost with the recognition of electrical energy consumption cost is shown in Equation (1), and comprises the process quality improvement, setup cost reduction, setup cost, holding cost of the vendor, and defective cost:


     E A  C v ′   (  Q , S , ϕ , n  )  =   α b   l n   l n    (     ϕ 0   ϕ   )    + α B   l n   l n    (     S 0   S   )    +   D  (  S +  S ′   )    n Q         +   (  h v  +  h v ′  ) Q  2   [  n  (  1 − D ρ  )  − 1 + 2 D ρ  ]  +  (  W +  W ′   )  D ϕ        for   0 < ϕ ≤  ϕ 0      as   well   as   0 < S ≤  S 0       



(1)








3.2. Buyer’s Model


In this section, a buyer’s inventory model is developed based on Ben-Daya and Hariga [5] study. The two-echelon supply chain model with imperfect production and efficient energy consumption is considered. In this continuous review    (  Q ,   r  )    inventory model, the vendor produces   n Q   quantities to save the buyer’s holding cost. The quantity produced in a production cycle is delivered in  n  shipments to the buyer. The buyer places an order of quantity  Q  of non-defective items from the vendor as soon as the inventory level falls to reorder point  r , where   r = D L + k σ  L   , and   D L   is the expected demand during lead time;  k  is the safety factor that fulfills the probability that the buyer’s lead-time demand exceeds the reorder point  r ; and   k σ  L    is the safety stock (see Hadley and Whitin, [41] and Ben-Daya and Hariga [5]). The vendor replenishes the order quantity after the lead time. However, due to the imperfect production system in the batch, some items are defective; thus, the buyer cannot sell all the replenished items. Hence, the buyer inspects the replenished products to separate the defective products from the non-defective products. This paper considered a 100% inspection of the buyer with screening rate x to locate the imperfect items in the lot, as mentioned in assumption 4. It is also assumed that the screening process is error-free and non-destructive. These defective products are identified, separated out, and returned to the vendor in the next lot.



The defective items can be reduced to some level, but cannot be eliminated entirely. These defective items create unexpected shortages in the system. To avoid the losses due to defective items in this model, the vendor sends an additional amount of inventory to the buyer, unlike in the previous studies of Huang [22] and Dey and Giri [6]. In the literature, the demand from the buyer is met by reducing the replenishment interval to      (  1 − ϕ  )  Q  D    (see [3,18,22]). However, the replenishment interval is not reduced in this model; to avoid the shortages due to imperfect products, the buyer orders additional products from the vendor. Consider the situation in which the buyer orders a quantity   Q + ϕ Q +  ϕ 2  Q +  ϕ 3  Q + … =  Q   (  1 − ϕ  )     . The order quantity is approximated to    Q + ϕ Q   because  ϕ  has a negligible value. Consequently, the vendor gives   Q + ϕ Q   products to the buyer. This additional amount will fulfill the buyer’s demand and simultaneously compensate for the losses due to the imperfect production process. The flow of material is shown in Figure 4. The buyer has two types of holding cost for defective and non-defective items in this model.



Buyer holding cost for defective products with energy consumption



The amount of defective products that the buyer receives is   Q +  ϕ 2  Q  ; the defective rate is  ϕ . The defective items’ quantity is approximated to   ϕ Q   due to the very small value of   ϕ .   The number of defective items found is   ϕ Q   during the inspection time      (  1 + ϕ  )  Q  x   . It shows that the amount of average inventory of defective items per cycle is     ϕ  (  1 + ϕ  )   Q 2    2 x    . The average inventory of the identified defective products per year is   ϕ Q −   ϕ  (  1 + ϕ  )  D Q   2 x    . The cost incurred on holding the average inventory of the defective product per year of the buyer is    h  b 1    , and the electrical energy consumed during the holding period is    h  b 1  ′   . Therefore, the holding cost of the buyer is:


   (   h  b 1   +  h  b 1  ′   )   [  ϕ Q −   ϕ  (  1 + ϕ  )  D Q   2 x    ]   











Buyer holding cost for non-defective products with energy consumption



The amount of non-defective products that the buyer receives is   Q + ϕ Q −  (  ϕ Q +  ϕ 2  Q  )   . The expected inventory of the non-defective product during the screening time is    Q 2  + r − D L +   ϕ  (  1 + ϕ  )  D Q   2 x   .   The holding cost incurred on the non-defective products per year is    h  b 2    , and the cost of the energy consumed during holding these products is    h  b 2  ′  .   Thus, the buyer holding cost for non-defective products is:


  (  h  b 2   +  h  b 2  ′  )  [   Q 2  +  (  r − μ  )  +   ϕ  (  1 + ϕ  )  D Q   2 x    ]   











Buyer screening cost with energy consumption



As   Q  (  1 + ϕ  )    products are screened with a per-unit screening cost of s and the cost of electrical energy consumed during screening being   s ′  . Therefore, the annual screening cost is:


  D  (  s +  s ′   )   (  1 + ϕ  )  .  











Buyer ordering cost with energy consumption



The buyer ordering cost per order is A, and the energy consumed during the ordering time is   A ′  . The buyer cycle length is    Q D   . Thus, the ordering cost of the buyer is:


     (  A +  A ′   )  D  Q  .  











Lead-time crashing cost with energy consumption cost



The lead time L consists of m mutually independent components, and these components include the order preparation time, order transit to the supplier, transit time from the supplier, setup time, and preparation time for availability. The    j  t h     component has a minimum duration of    u j   , normal duration of    v j   , and crashing cost per unit time of    m i   , and the cost of energy consumed during the crashing time is    m i ′   . Furthermore, for convenience, it is assumed that    m 1  ≤  m 2  ≤  m 3  , … , ≤  m n   . It is clear that the lead-time reduction should start from the first component (the reason is the minimum crashing cost), and then the second component, and so on (Liao and Shyu [42], Ben-Daya and Hariga [5], and Kim et al. [23]). Let    L 0   =    ∑   j = 1  n   v j      and    L i    be the length of the lead-time components 1, 2, 3, …, z that crashed in their minimum duration; then,    L i    can be written as      L i  =   ∑   j = 1  n   v j  −   ∑   j = 1  i  (  v j  −  u j  )  , where   i = 1 , 2 , 3 , … ,   n  . The lead-time crashing cost per cycle with electrical energy consumption is   C    ( L )   ′   , as shown in Equation (2) (see Ouyang and Wu [13]) for a given   L ∈  [   L i  ,  L  i − 1    ]   :


  C    ( L )   ′  = (  m i  +  m i ′  )  (   L  i − 1   − L  )  +   ∑   j = 1   i − 1   (  m j  +  m j ′  )  (   v j  −  u j   )  .  



(2)







The buyer has to carry the additional costs incurred by the vendor on lead-time reduction in each stage of the replenishment cycle, and the lead-time crashing cost is also included in the buyer’s cost.



Transportation discounts with electrical energy consumption cost



The concept of a transportation discount is incorporated in this paper. The cost of transportation is not constant, and it depends directly on the demand function. In the literature, the transportation cost is considered as fixed, i.e., independent of ordering quantity or shipment in most of the cases. In this study, the transportation cost is dependent on the demand as (see Priyan and Uthayakumar [39], Shin et al. [34]):


   T C  ( Q )  =  γ 0  D ,   Q ∈  [   M 0  ,  M 1   ]      γ 1  D ,   Q ∈  [   M 1  ,  M 2   ]      γ 2  + D , Q ∈  [   M 2  ,  M 3   ]     … .     γ N  D ,   Q ∈  [   M N  , ∞  ]  .   








where    γ 0  >  γ 1  >  γ 2  .   .   .   >  γ N   ,    γ i    is the transportation cost per unit.    M i    describes the range of   Q (  M 0  = 0  ), i.e.,  Q  should be in some specific range; else,   T C  ( Q )    cannot be defined. Since the energy is consumed during transportation, the cost associated with the energy consumption during the transportation is    γ i ′   . Therefore, the transportation cost after considering the energy consumption cost will become as shown in Equation (3):


  T C    ( Q )   ′  = (  γ i  +  γ i ′  ) D ,   Q ∈  [   M 0  ,  M 1   ]  .  



(3)







The expected annual cost of the buyer (  E A  C b   ), which consists of the ordering cost, lead-time crashing cost, holding cost for defective products, holding cost for non-defective products, screening cost, and the transportation discounts with electrical energy consumption during the process, is shown in Equation (4):


    E A  C b ′   (  Q , r , L  )  =      D  (  A +  A ′   )   Q  +   D C    ( L )   ′   Q  +  (   h  b 1   +  h  b 1  ′   )   [  ϕ Q −   ϕ  (  1 + ϕ  )  D Q   2 x    ]  + (  h  b 2          +  h  b 2  ′  )  [   Q 2  +  (  r − μ  )  +   ϕ  (  1 + ϕ  )  D Q   2 x    ]  + D  (  s +  s ′   )   (  1 + ϕ  )  + D  (   γ i  +  γ i ′   )  .     



(4)







The service measure reflects that certain fractions of the demand, which is satisfied regularly from the available inventory, is expressed by     λ  .



The buyer service level in terms of the fill rate     ( λ )    is described as shown in Equations (5) and (6):


  λ =   E x p e c t e d   d e m a n d   s a t i s f i e d   p e r   r e p l e n i s h m e n t   c y c l e   E x p e c t e d   d e m a n d   p e r   r e p l e n i s h m e n t   c y c l e   ,  



(5)






  λ = 1 −   E    [  X − r  ]   +   Q  ,  



(6)




which can be simplified as shown in Equation (7):


   (  1 − λ  )  Q = E    [  X − r  ]   +  .  



(7)







To obtain the least favourable distribution    Ϝ  , the following lemma is used as shown in Equation (8) (Gallego and Moon [12]):


   E    [  X − r  ]   +  ≤      σ 2  L +  k 2   σ 2  L   − k σ  L   2      for   any   F ∈ Ϝ .   



(8)







As   r = μ + k σ  L    or   r − μ = k σ  L    (see Hadley and Whitin, [41] and Ben-Daya and Hariga [5]), suppose that   y = r − μ = k σ  L   , and it became as shown in Equation (9):


   (  1 − λ  )  Q ≤      σ 2  L +  y 2    − y  2  .  



(9)







After solving Equation (9), it will become as shown in Equation (10):


  y =    σ 2  L   4  (  1 − λ  )  Q   −  (  1 − λ  )  Q ,  



(10)







After inserting the value of y in Equation (10), it will become as shown in Equation (11):


  r − μ =    σ 2  L   4  (  1 − λ  )  Q   −  (  1 − λ  )  Q .  



(11)







Inserting the value of   r − μ   in Equation (4), the annual expected cost of the buyer with energy consumption cost is shown in Equation (12):


    E A  C b ′   (  Q , r , L  )  =      D  (  A +  A ′   )   Q  +   D C    ( L )   ′   Q  +  (   h  b 1   +  h  b 1  ′   )   [  ϕ Q −   ϕ  (  1 + ϕ  )  D Q   2 x    ]  + (  h  b 2          +  h  b 2  ′  )  [   Q 2  +  (     σ 2  L   4  (  1 − λ  )  Q   −  (  1 − λ  )  Q  )  +   ϕ  (  1 + ϕ  )  D Q   2 x    ]              + D  (  s            +  s ′   )   (  1 + ϕ  )  + D  (   γ i  +  γ i ′   )  .     



(12)








3.3. Supply Chain Cost


3.3.1. Centralized Analysis


The expected annual cost concerning the supply chain model with electrical energy consumption is sum of the vendor costs (as in Equation (1)) and the buyer’s cost (as in Equation (4)). Accordingly, the   E A  C s    can be represented as shown in Equation (13):


     E A  C s ′   (  Q , S , ϕ , n , r , L  )    = α b   l n   l n    (     ϕ 0   ϕ   )    + α B   l n   l n    (     S 0   S   )    +   D  (  S +  S ′   )    n Q   +   D  (  A +  A ′   )   Q  +   D C    ( L )   ′   Q        +  (   h  b 1   +  h  b 1  ′   )   [  ϕ Q −   ϕ  (  1 + ϕ  )  D Q   2 x    ]  + (  h  b 2          +  h  b 2  ′  )  [   Q 2  +  (     σ 2  L   4  (  1 − λ  )  Q   −  (  1 − λ  )  Q  )  +   ϕ  (  1 + ϕ  )  D Q   2 x    ]  + D ( s       +  s ′  )  (  1 + ϕ  )  +   (  h v  +  h v ′  ) Q  2   [  n  (  1 − D ρ  )  − 1 + 2 D ρ  ]  +  (  W +  W ′   )  D ϕ      + D  (   γ i  +  γ i ′   )       f o r   0 < ϕ ≤  ϕ 0      as   well   as   0 < S ≤  S 0  .   



(13)







In the above Equation (13), the cost components include: the investment made for quality improvement, the initial investments for the setup cost reduction, the setup cost with the energy consideration of the vendor, the ordering cost with the energy cost of the buyer, the holding cost of the defective items with the energy consideration of the buyer, the buyer non-defective item-holding cost, the screening cost with energy consideration, the holding cost of the vendor, the replacement cost with energy consideration, and the transportation discount cost with energy cost, respectively.



The necessary conditions to get the minimum cost of   E A  C s ′   (  Q , n , S , ϕ , r , L  )    with energy consideration are as follows in Equations (14)–(17):


     ∂ E A  C s ′    ∂ Q   =  1 4   [  −  (    4 D  (   (  A +  A ′   )  + C    ( L )   ′  n +  (  S +  S ′   )   )    n  Q 2     )  + 2 (  h v  +  h v ′  )  (  n − 1 − D  (  n − 2  )  ρ  )  +      4 (  h  b 1   +  h  b 1  ′  ) ϕ −   2 D (  h  b 1   +  h  b 1  ′  ) ϕ  (  1 + ϕ  )   x  + (  h  b 2   +  h  b 2  ′  )  (  − 2 + 4 λ +   L  σ 2     Q 2   (  − 1 + λ  )    +   2 D ϕ  (  1 + ϕ  )   x   )  ] ,   



(14)






    ∂ E A  C s ′    ∂ ϕ   = (  h  b 1   +  h  b 1  ′  ) Q + D  (   (  s +  s ′   )  +  (  W +  W ′   )   )  −   b α  ϕ  −   D  (  (  h  b 1   +  h  b 1  ′   )  − (  h  b 2   +  h  b 2  ′  ) ) Q  (  1 + 2 ϕ  )    2 x   ,  



(15)






    ∂ E A  C s ′    ∂ S   =  D  n Q   −   B α    (  S +  S ′   )    ,  



(16)






    ∂ E A  C s ′    ∂ L   =  D Q  +   j  σ 2    4 Q  (  1 − λ  )    .  



(17)







The optimal values for the decision variables are calculated by using the necessary conditions as follows in Equations (18)–(21):


   Q  ′ *   =     − 2 D  (  n  (  A +  A ′   )  + C  ( L )  n +  (  S +  S ′   )   )  x  (  λ − 1  )  +  1 2   h  b 2   L n x  σ 2    )    (  √  (  n  (  λ − 1  )   (   h v  x  (  1 − n + D  (  n − 2  )  ρ  )  + (  h  b 1   +  h  b 1  ′   )  ϕ  (  D − 2 x + D ϕ  )  − (  h  b 2   +  h  b 2  ′   )   (  x  (  2 λ − 1  )  + D ϕ  (  1 + ϕ  )   )   )    ,    



(18)






    ϕ ′  *  =  1  4  A 1  D Q    (   A 2  D x −    (   A 3  + 16 b D  A 4   )     )  ,  



(19)




where:


   A 1  =  (  (  h  b 1   +  h  b 1  ′  ) − (  h  b 2   +  h  b 2  ′  )  )   










   A 2  =  (  (  h  b 2   +  h  b 2  ′  ) − (  h  b 1   +  h  b 1  ′  )  )  Q + 2  (   h  b 1   Q + D  (   (  s +  s ′   )  +  (  W +  W ′   )   )   )   










   A 3  =    (  D  (  (  h  b 1   +  h  b 1  ′  ) − (  h  b 2   +  h  b 2  ′  )  )  Q − 2  (  (  h  b 1   +  h  b 1  ′  ) Q + D  (   (  s +  s ′   )  + ( W +  W ′   )   )  x  )   2   










   A 4  =    (  (  h  b 2   +  h  b 2  ′  ) − (  h  b 1   +  h  b 1  ′  )  )  Q x α )  










   S *  =   B n Q α  D  ,  



(20)






   y *  =    σ 2  L   4  (  1 − λ  )  Q   −  (  1 − λ  )  Q .  



(21)







The optimal values of n are obtained by the expression shown in Equation (22):


  E A  C s   (  n − 1  )  ≥ E A  C s   ( n )  ≤   E A  C s   (  n + 1  )  .  



(22)







Sufficient conditions are satisfied by taking the second derivative of the decision variable with respect to the expected annual cost.



From the sufficing conditions, the following values are obtained as shown in Equations (23)–(25):


     ∂ 2  E A  C s ′    ∂  Q 2    =   2  (  A +  A ′   )  D    Q 3    +   2 C    ( L )   ′  D    Q 3    +   2 D  (  S +  S ′   )    n  Q 3    +   (  h  b 2   +  h  b 2  ′  ) L  σ 2    2  Q 3   (  1 − λ  )    ,  



(23)






     ∂ 2  E A  C s    ∂  ϕ 2    = −   D (  h  b 1   +  h  b 1  ′  ) Q  x  +   D (  h  b 2   +  h  b 2  ′  ) Q  x  +   b α    ϕ 2    ,  



(24)






     ∂ 2  E A  C s    ∂  S 2    =   B α      (  S +  S ′   )   2    ,  



(25)







To find the global minimum     E A  C s ′   , the lemma is shown in Appendix A.



This Algorithm 1 is developed to determine the numerical solution of the proposed model, and the process flow of the algorithm is shown in Figure 5. Below is the detailed explanation of the algorithm to obtaining the optimal solution of the problem.





	
Algorithm 1. Solution algorithm.




	
Step 1

	
Consider all input parameters,   σ ,   P ,   D ,   A ,   x , μ , C ,    S  0 ,    L 0  ,  h  b 1   ,  h  b 2   ,  h v  , s , W , λ ,  ϕ 0  , α , b , B ,  u i  ,  v i  ,  m i  , ω   and    γ i  .  




	
Step 2

	
For each    L i  ,   i = 0 , 1 , 2 , … , n ,   and execute Steps 2.1 to 2.2.




	
  Step 2.1

	
Set    ϕ  i 1   =  ϕ 0  ,       and      S  i 1   =  S 0  .  




	
  Step 2.2

	
Substitute the value of    ϕ  i 1     and    S  i 1     in Equation (18) to evaluate    Q  i 1   .  




	
  Step 2.3

	
Use the value of    Q  i 1     to obtain    ϕ  i 2    , and    S  i 2     from Equations (19) and (20).




	
  Step 2.4

	
Suppose   v = v + 1  , and repeat the above steps from 2.2 and 2.3 until no changes occur in the values of    Q  i     ,  ϕ i  , and    S i   ; then, denote the solution by    Q ^  ,  ϕ ^    and   S ^  .




	
Step 3

	
In this step,   ϕ ^   and    ϕ 0    and   S ^   and    S 0    are compared.




	
  Step 3.1

	
If    ϕ ^  ≤  ϕ 0    and   S ^    ≤     S 0   , then the values obtained in Step 2 are the optimal solution for the given    L i   ; express this solution by   (  Q *  ,  ϕ *  ,    and     S *   ) and then proceed to Step 4.




	
  Step 3.2

	
If    ϕ ^  ≤  ϕ 0    and    S ^  >  S 0   , then set S =    S 0    and use Step 2 to determine the (   Q ^  ,  ϕ ^  ,  S ^   ) values from Equation (18) and Equation (20). If    ϕ ^  ≤  ϕ 0   , then the optimal solution for given    L i    is   (  Q *  ,  ϕ *  ,    S *   ) = (   Q ^  ,  ϕ ^  ,  S 0   ) and progress to Step 5. Otherwise, go to Step 3.3.




	
  Step 3.3

	
If    ϕ ^  >  ϕ 0    and    S ^  ≤  S 0   , then set   ϕ =  ϕ 0    and use Step 2 to calculate new (   Q ^  ,  S ^   ) values from Equations (18) and (19). If    S ^  ≤  S 0   , then the optimal solution for given    L i    is   (  Q *  ,  ϕ *  ,    S *   ) = (   Q ^  ,  ϕ 0  ,  S ^   ), and then proceed to Step 4. Otherwise, move to Step 3.4.




	
  Step 3.4

	
   ϕ ^  >  ϕ 0    and    S ^  >  S 0   ; then set   ϕ =  ϕ 0    and   S =  S 0    and utilize Step 2 for calculating   Q ^   from Equation (18).

Then, denote these values as   (  Q *  ,  ϕ *  ,    S *   ) = (   Q ^  ,  ϕ 0  ,    S 0   ) and move to Step 3.




	
Step 4

	
If all    S k   , k = 1, 2, 3, …, K are greater than or less than   S ^  , chose the nearest    S k   , and stop. Otherwise, calculate the   E A  C s ′  (  Q *  ,  ϕ *  ,    S *  , n   , r ,  L i  )     of the two nearest point using Equation (20) and select the    S k   , with the least joint total cost. Express this solution by the vector   (  Q  * *   ,  ϕ  * *   ,    S  * *   , n , r ,  L i  )  .




	
Step 5

	
Choose the minimum cost for each    L i  ,   i = 0 , 1 , 2 , … , I  




	
  Step 5.1

	
  E A  C s ′  (  Q  * *   ,  ϕ  * *   ,    S  * *   , n , r ,  L i  )   =   E A  C s ′  (  Q  * *   ,  ϕ  * *   ,    S  * *   , n , r ,  L i  )    .




	
  Step 5.2

	
Let   n = n + 1  , and repeat Steps 2 to 5 until satisfying an inequality,

  E A  C s ′  (  Q  * *   ,  ϕ  * *   ,    S  * *   , n   , r ,  L s  * *   ) E A  C s ′  (  Q  * *   ,  ϕ  * *   ,    S  * *   , n + 1 , r ,  L i  )    .




	
Step 6

	
Choose the minimum cost for each  n 

  E A  C s ′   (   Q  o p t   ,  S  o p t   ,  r  o p t   ,  ϕ  o p t   ,  n  o p t   ,  L  o p t    )  = E A  C s ′  (  Q  * *   ,  ϕ  * *   ,    S  * *   , n , r ,  L s  * *   ) ,     and calculate the reorder point    y = r − μ .  








3.3.2. Decentralized Analysis (Stackelberg Approach)


In the Stackelberg approach, the buyer and the vendor are considered as two different entities each trying to minimize their own total cost. Hence, one is considered as the leader to decide the optimal decision and impose on the follower.



The two possible cases in this situation are presented in the following part.



Case 1: Vendor as a leader and buyer as a follower



In the first case, the vendor is the leader and buyer is the follower. Therefore, the buyer decides his optimal decision first. The buyer determines his optimal order quantity, the lead time, and the reorder point. The aim of the vendor is the reduction of the setup cost, the number of shipments, and the percentage of defects after taking inputs from the buyer’s optimal decisions.



The expected annual cost of the buyer with energy cost consideration is given in Equation (26):


    E A  C b ′   (  Q , r , L  )  =     D  (  A +  A ′   )   Q  +   D C    ( L )   ′   Q  +  (   h  b 1   +  h  b 1  ′   )   [  ϕ Q −   ϕ  (  1 + ϕ  )  D Q   2 x    ]  + (  h  b 2        +  h  b 2  ′  )  [   Q 2  +  (     σ 2  L   4  (  1 − λ  )  Q   −  (  1 − λ  )  Q  )  +   ϕ  (  1 + ϕ  )  D Q   2 x    ]       +  (  s +  s ′   )   (  1 + ϕ  )  + D  (   γ i  +  γ i ′   )  ,    



(26)




and the expected annual cost of the vendor with energy consideration is given by Equation (27):


    E A  C v ′   (  S , ϕ , n  )  =   α b   l n   l n    (     ϕ 0   ϕ   )    + α B   l n   l n    (     S 0   S   )    +   D  (  S +  S ′   )    n Q        +   (  h v  +  h v ′  ) Q  2   [  n  (  1 − D ρ  )  − 1 + 2 D ρ  ]  +  (  W +  W ′   )  D ϕ .    



(27)







The analytical approach is applied to optimize the expected annual cost of the buyer. The partial derivative of the buyer’s cost with respect to the order quantity is shown in Equation (28), and the partial derivative of lead time is shown in Equation (29):


      ∂ E A  C b ′   (  Q , r , L  )    ∂ Q   =   −   D C    ( L )   ′     Q 2    −    (  A +  A ′   )  D    Q 2    +  [  ϕ −   D ϕ  (  1 + ϕ  )    2 x    ]   (   h  b 1   +  h  b 1  ′   )       +  [  −  1 2  +   D ϕ  (  1 + ϕ  )    2 x   + λ −   L  σ 2    4  Q 2   (  1 − λ  )     ]  (  h  b 2   +  h  b 2  ′  ) .    



(28)






    ∂ E A  C b ′   (  Q ,   r ,     L  )    ∂ L   =    σ 2  (  h  b 2   +  h  b 2  ′  )     4 Q  (  1 − λ  )    .  



(29)







The optimal values of the vendor are decided by considering the buyer’s optimal decisions     (  Q , r , L  )    as inputs shown in Equations (30) and (31):


    ∂ E A  C v ′   (  ϕ , S , n  )    ∂ ϕ   = D  (  W +  W ′   )  −   b α  ϕ  ,  



(30)






    ∂ E A  C v ′   (  ϕ ,   S ,   n  )    ∂ S   =  D  n Q   −   B α    (  S +  S ′   )    .  



(31)







Further, the second-order derivative of the buyer’s ordering cost is shown in Equation (32):


     ∂ 2  E A  C v ′   (  Q , r , L  )    ∂  Q 2    =   2 C    ( L )   ′  D    Q 3    +   2  (  A +  A ′   )  D    Q 3    +   L  σ 2   h 2    2  Q 3   (  1 − λ  )    .  



(32)







The second-order derivative of the vendor’s decision variables are shown in Equations (33) and (34):


     ∂ 2  E A  C v ′   (  ϕ ,   S ,   n  )    ∂  S 2    =   B α      (  S +  S ′   )   2    ,  



(33)






     ∂ 2  E A  C v ′   (  ϕ ,   S ,   n  )    ∂  ϕ 2    =   b α    ϕ 2    .  



(34)







To find the optimal value of the order quantity, the partial derivatives of   ∂ E A  C b ′   (  Q ,   r ,   L  )    are equated to zero; thus, the optimal  Q  is shown in Equation (35):


   Q  ′ *   =     x  (  − 4 D  (   (  A +  A ′   )  + C    ( L )   ′   (  λ − 1  )  + L  σ 2  (  h  b 2   +  h  b 2  ′   )   )       2     (  λ − 1  )   (  ϕ  (  D − 2 x + D ϕ  )   (   h  b 1   +  h  b 1  ′   )  −  (  D ϕ  (  1 + ϕ  )  + x  (  2 λ − 1  )   )  (  h  b 2   +  h  b 2  ′   )  )     .    



(35)







The vendor will take the inputs from the buyer’s optimal decision and compute his optimal decision, as shown in Equations (36) and (37):


  ϕ  ′ *  =   b α   D  (  W +  W ′   )    ,  



(36)






   S  ′ *   =   B n Q α  D  .  



(37)







Case 2: Buyer as a leader and vendor as a follower



In this case, the buyer is the leader and vendor is the follower. Therefore, the vendor optimizes his order quantity, the number of shipments, the reduction in setup cost, and the process quality improvement. The buyer will optimize the reorder point and the lead time based on the vendor optimal decision variables.



The expected annual cost of the vendor with energy consumption cost is shown in Equation (38):


   E A  C v ′   (  Q , n , S , ϕ  )  = α b   l n   l n    (     ϕ 0   ϕ   )    + α B   l n   l n    (     S 0   S   )    +   D  (  S +  S ′   )    n Q   +   (  h v  +  h v ′  ) Q  2   [  n  (  1 −            D ρ  )  − 1 + 2 D ρ  ]  +  (  W +  W ′   )  D ϕ ,   



(38)




and the expected annual cost of the buyer with energy consumption cost is presented in Equation (39):


   E A  C b ′   (  r , L  )  =   D  (  A +  A ′   )   Q  +   D C    ( L )   ′   Q  +  (   h  b 1   +  h  b 1  ′   )   [  ϕ Q −   ϕ  (  1 + ϕ  )  D Q   2 x    ]  + (  h  b 2   +     h  b 2  ′  )  [   Q 2  +  (     σ 2  L   4  (  1 − λ  )  Q   −  (  1 − λ  )  Q  )  +   ϕ  (  1 + ϕ  )  D Q   2 x    ]  +  (  s +  s ′   )  D  (  1 + ϕ  )  + D  (   γ i  +  γ i ′   )  .     



(39)







The expected annual cost of the vendor is optimized using an analytical method. The partial derivative of vendor costs with respect to the order quantity, the reduction in setup cost, and the defective percentage are shown in Equations (40)–(42):


    ∂ E A  C v ′   (  Q , n , ϕ , S  )    ∂ Q   = −   D  (  S +  S ′   )    n  Q 2    +  1 2   (  2 D ρ − 1 + n  (  1 − D ρ  )   )  (  h v  +  h v ′  ) ,  



(40)






    ∂ E A  C v ′   (  Q , n , ϕ , S  )    ∂ S   =  D  n Q   −   B α    (  S +  S ′   )    ,  



(41)






    ∂ E A  C v ′   (  Q , n , ϕ , S  )    ∂ ϕ   =   D  (  W +  W ′   )  −   b α  ϕ  .  



(42)







Further, the second-order derivatives with respect to decision variable are shown in Equations (43) and (44):


     ∂ 2  E A  C v ′   (  Q , n , ϕ , S  )    ∂  Q 2    =   2 D  (  S +  S ′   )    n  Q 3    ,  



(43)






     ∂ 2  E A  C v ′   (  Q , n , ϕ , S  )    ∂  S 2    =   B α      (  S +  S ′   )   2    ,  



(44)







To obtain the optimal values of the lot size, the setup cost, and the process quality improvement, the partial derivatives of   E A  C v ′   (  Q , n , r , L  )    are equated to zero. The optimal values are shown in Equations (45)–(47):


   Q  ′ *   =     2 D  (  S +  S ′   )        − n  (  1 − 2 D ρ + n  (  − 1 + D ρ  )   )  (  h v  +  h v ′  )     ,  



(45)






  S  ′ *  =   B n Q α  D  ,  



(46)






  ϕ  ′ *  =   b α   D  (  W +  W ′   )    .  



(47)










4. Numerical Examples


The following two numerical examples are considered to demonstrate the practical applicability of the proposed supply chain management model with relation to the electrical energy consumption. The data for the lead-time components shown in Table 3 are taken from Ouyang and Wu [13], but in their model, the cost of electrical energy consumption is not considered. However, in this numerical example, the lead time is reduced by considering an additional crashing cost and electrical energy consumption cost, as the first component cost reduction is minimum, and the energy consumed during this component is also minimum. Moving toward the second and third components, the cost increase with the energy consumption is presented in Table 3. The transportation cost structure presented in Table 4 (from Shin et al. [34]) is used in both numerical examples. However, in their model, they did not consider the cost of energy consumption with the transportation cost. In the given examples, the cost of electricity consumption is recognized, and the cost structure is shown in Table 4. The discount is offered for a certain transportation quantity; however, as the quantity increases, the consumption of energy also increases. Therefore, the cost of energy consumption increases in the transportation cost structure.



Example 1.

The following parametric values (from Dey and Giri [6]) are used in the numerical analysis of the proposed model.   D = 1000   u n i t s / y e a r  ,   σ = 7  ,   ρ = 1 / 3200  ,   A =   $ 49 / s e t u p      A ′  =   $ 1 / s e t u p  ,    S 0  =   $ 400 / s e t u p  ,    h  b 1   =   $ 5.8 / u n i t / y e a r  ,    h  b 2   =   $ 9 / u n i t / y e a r  ,    h v  =   $ 3.9 / u n i t / y e a r ,     s =   $ 0.22   / u n i t  ,   x = 2152   u n i t s / y e a r  ,   W = $ 19 / d e f e c t i v e / u n i t  ,    h  b 1  ′  = $ 0.2 / u n i t / y e a r  ,    h  b 2  ′  = $ 1 / u n i t / y e a r  ,    h v ′  = $ 0.1 / u n i t / y e a r  ,    s ′  = $ 0.0.03 / u n i t  ,    W ′  = $ 1 / d e f e c t i v e     b = 400  ,   B = 4000  ,   α = $ 0.1 / y e a r  ,    ϕ 0  = 0.022  ,   λ = 0.99  .





The impact of the lead time on    E A  C s    with all the decision variables is shown in Table 5, and it is quite clear that when the lead time is three weeks, then the expected annual costs of the supply chain is minimum in comparison of four, six, and eight weeks based on the numerical example. From Table 5, it is also clear that when the lead time is minimal—i.e., the cost of energy consumption was minimal—that is the reason that the total cost is minimal. If the lead time is increased, during the waiting time, the energy is still consumed. Simultaneously, the effect of the changes on the related decision is also shown.



In Table 6, the   E A  C s      is calculated when the investment is made for the production quality improvement and without any additional initial capital investment. Based on the numerical study, it can be concluded that there was a large reduction in the total supply chain cost with investment in process quality improvement and setup cost reduction. The initial investment for setup cost reduction and quality improvement also affect the energy consumption of the supply chain, which is shown in Table 6, and lowers the overall supply chain costs.



Table 7 shows the comparative   E A  C s    results for the improvement in the process quality and the reduction in the setup cost with no investment for quality improvement. Based on the numerical experiment, the investment made for quality improvement reduces the supply chain cost by improving the process quality. In Table 7, investments are not made for quality improvement, which means that the consumption of energy is relatively high, but the overall supply chain cost is still less than the cost without initial investments for quality improvement and setup cost reduction. The reason for total cost reduction is savings from the setup cost reduction through investment in advanced technology in the form of machines with less energy consumption.



In Table 8, the comparison of    E A  C s    results are shown, when investments are made for process quality improvement and setup cost reduction, with a fixed setup cost. From the numerical study, it is clear that a huge amount of money can be saved by the incorporation initial investment for the setup cost. The investment in setup cost reduction is very effective in total cost reduction for this model, because it gives the opportunity for to vendor to use advanced technologies in production that consume energy effectively. Moreover, from Table 8, if initial investments are not made for quality improvement, the overall cost is increased. The reason behind that is the wastage due to poor quality and more energy consumption due to reproduction and by holding the defective items.



Table 5, Table 6, Table 7 and Table 8 present the results of the centralized supply chain. Table 9 shows the decentralized supply chain optimal values, and based on the numerical experiment, it is clear that the centralized system is better with low cost. Furthermore, in the decentralized supply chain context, when the buyer is the leader, the total cost of the supply chain is less compared to the case when the vendor is the leader by keeping same cost parameters.



The impact of the decision variables on the expected annual cost is shown graphically in the figures below. Based on the data from numerical Example 1, and from Figure 6, it is quite clear that the total cost of the supply chain is optimum when the buyer orders 176 items from the vendor; accordingly, any change in the order quantity by keeping the other decision variables the same, increases the expected annual cost of the supply chain. The setup cost relationship is shown in Figure 7, which shows that when the setup cost is $140, then the optimum supply chain costs are obtained, and any further variation increases the overall cost.



Figure 8 shows the relation between the out-of-control probability and the expected annual cost; the expected annual cost is optimum when the defective percentage is 0.0018, and changing the percentage of defective items increases the total supply chain cost. Similarly, from Figure 9, based on the data in numerical Example 1, the optimum number of shipments is 2, and any variation in the number of shipments—keeping the other parameters the same—will increase the expected annual cost of the supply chain.



Example 2.

The following parametric values (from Salameh and Jaber [3]) were used in the numerical analysis.   D = 50000   u n i t s / y e a r  ,   σ = 200  ,   ρ = 1 / 160000  ,   A =   $ 98 / s e t u p      A ′  =   $ 2 / s e t u p  ,    S 0  =   $ 300 / s e t u p  ,    h  b 1   =   $ 2.8 / u n i t / y e a r  ,    h  b 2   =   $ 4.7 / u n i t / y e a r  ,    h v  =   $ 1.9 / u n i t / y e a r ,     s =   $ 0.45 / u n i t  ,   x = 175200   u n i t s / y e a r  ,   W = $ 29 / d e f e c t i v e / u n i t  ,    h  b 1  ′  = $ 0.2 / u n i t / y e a r  ,    h  b 2  ′  = $ 0.3 / u n i t / y e a r  ,    h v ′  = $ 0.1 / u n i t / y e a r  ,    s ′  = $ 0.0.05 / u n i t  ,    W ′  = $ 1 / d e f e c t i v e  ,   b = 400  ,   B = 4000  ,   α = $ 0.1 / y e a r  ,    ϕ 0  = 0.022  , and   λ = 0.99  .





Table 10 shows the impact of the lead time on the other decision variables and on the total cost. Based on the data shown in numerical Example 2, it is clear that the minimum cost is achieved when the lead time is four weeks. If the lead time increases from four weeks, it ultimately increases the total cost of the supply chain. In that case, more energy is consumed due to the increased lead time. Therefore, the lead crashing cost is used with energy consumption cost to reduce the lead time and energy consumption in this model.



In Table 11, the comparison of the optimal costs of the proposed supply chain model and the optimal cost without investment in the process quality improvement and the setup cost reduction is provided. The reduction in the expected annual cost of the supply chain clearly describes the importance of initial capital investments for process quality improvement and setup cost reduction. The total cost of the supply chain reduces by the efforts made through initial capital investments. These investments are utilized for purchasing the technological upgraded machinery, which consumed less energy and improved production. Thus, these investments helped reduce the total supply chain costs.



The effect of investment in quality improvement on total cost is depicted in Table 12; further, it is quite clear after comparing it with the model in which no investment was made for quality, which increases the expected annual cost. From Table 12, it is quite clear that the initial capital invested for quality improvement is utilized in innovative ways to reduce the defective item percentage in the model. The total cost is decreased by quality improvement because of the production of less defective items, which consumed less energy.



In Table 13, the comparison is shown in which investments are made in the setup cost, with no initial capital investment. Consequently, the initial capital investment for the setup cost reduces the total supply chain costs with lower energy consumption in the supply chain model.



The effect on total cost with the decision variable is graphically shown in the following figures. Based on the data from numerical Example 2, Figure 10 shows that the optimal order quantity Q is 1802 units, and that further change in the order quantity—keeping the other parameters the same—increases the expected annual cost. Figure 11 depicts that the optimal setup cost is $129 for the model based on the data from numerical Example 2; any change in the setup cost without changing the other parameters increases the expected annual cost of the supply chain.



The effect of a change in the out-of-control probability is shown in Figure 12 for the annual expected cost. From Figure 13, based on the data from numerical Example 2, it is quite clear that the optimal number of shipments is two, and increasing or decreasing the number of shipments increases the annual expected cost.




5. Sensitivity Analysis


The sensitivity analysis is done for all the key parameters of the optimal values for Example 1, and is shown in Table 14. The values of the key parameters are varied from –50% to +50%, respectively, and the remaining parameters are unchanged. The effect of these parameters on the decision variables is calculated. The percentage variation in the optimal cost illustrates the following crucial features.




	
If the investment in the quality is reduced by 50%, a small increase in the expected annual cost is observed, which means that the quality of the product is affected, and the extra energy is consumed through reproducing and keeping defective items. Similarly, if the investment in the quality is reduced by 25%, then a significant increase in the total cost is observed due to extra energy consumption on the defective items. The capital cost is more sensitive to the increase in investment than to its reduction.



	
The negative change for the capital investment in setup cost reduces the total cost, but if the setup cost increases, the total cost also increases. The capital investment for the setup cost reduces the optimal order quantity.



	
The fractional cost for the capital investment has an asymmetrical effect on the total cost, and it is considered as a sensitive parameter in this model. If the capital investments are reduced by 25%, the cost increases by 25%.



	
The holding cost of the buyer for defective items is less sensitive than the total cost, because the amount of the defective products is less.



	
The holding cost of the buyer’s non-defective items is the most sensitive parameter. If the holding decreases by 50%, the total cost reduces by 7%. Further, a 50% increase in the holding cost leads to an increase in the total cost by 16%. The inventory of the buyer’s non-defective items is more in quantity in this supply chain model; this is the reason behind the increase in total cost, and it consumes more energy.



	
The variation in the holding cost of the vendor affects the total cost. If the holding cost decreases, the total cost reduces. Similarly, by increasing the holding cost, the total cost increases. A huge amount of energy is consumed while holding the products, and it also increases the holding cost, which ultimately increases the total cost of the supply chain model.



	
The screening cost with energy consumption cost has a symmetrical effect on the total cost differently from the other parameters, which has an asymmetric impact on the entire cost of the supply chain, and it has no effect on the other decision variables. The screening cost includes the energy consumption cost during the screening and the variation observed for –50% and +50% is around 4% of the total cost of the supply chain.



	
If the cost for the defective unit replacement with the energy consumption cost is decreased by 50%, then the total cost is reduced by a small percentage; however, if the decrement is 25%, then the total cost is increased by 10%. There is a small effect of positive percentage increase on the defective unit replacement cost.









6. Managerial Insights


Based on this study, the following recommendations are suggested for decision makers dealing with imperfect production in supply chain management:




	
The major recommendation from this study for decision makers is the capital investment for process quality improvement. The investment is made for bringing in new technology, which uses optimum energy consumption; simultaneously, it reduces the probability that the system will move to an out-of-control state. It is proven from the numerical experiment that the investment reduces the total cost of the supply chain with minimum energy consumption.



	
Another important insight for the present study from the decision maker’s point of view is the initial capital investment for setup cost reduction. This model suggests that decision makers ought to invest more initially to get the latest machinery and equipment, which can be used to reduce the whole supply chain cost with minimum energy consumption, as proven numerically.



	
Due to the controllable lead time, if the buyer must make the decision related to lead-time reduction, by facing an additional crashing cost, he can reduce the lead time.



	
In this model, the stockout costs are replaced with the service-level constraint, which helps managers overcome the difficult situations that occur due to the shortages, as well as the, enormous amount of energy consumed during the supply chain process. To avoid such situations, this model suggests the optimum level of inventory to be satisfied from the available stock to reduce energy consumption.



	
In many cases, the objective of the managers is to minimize the cost by optimizing the decision variables. In this model, the energy costs are considered to elaborate the importance of the quantity of the consumed energy in the system, which is not considered in available supply chain models. If the cost incurred on the energy consumption is known to the managers, then the optimized level of energy consumption can be decided.









7. Conclusions


A two-echelon supply chain management model was developed in this study considering the effect of imperfect production, the inspection process, and energy consumption. The energy consumption related to the costs was not considered in previous research studies, and was proven to have numerous effects on the overall cost of the supply chain. As a result of introducing the energy consumption cost during the supply chain operation, a huge amount of money is saved. Furthermore, in this model, to reduce the shortages due to defective item production, the vendor sends an extra amount of quantity equal to the defective percentage to the buyer, and the collection of this amount takes place in the next batch. A lemma was constructed to show that the model attends a global optimal solution. This model encourages the managers to make an initial investment in order to improve the process quality and reduce the setup cost, which reduces the overall supply chain costs with enough energy consumption. Based on the analysis of the model, it was proven numerically that the centralized system is the most efficient compared to decentralized cases. However, in decentralized cases, the optimum cost is low when the buyer is a leader and the vendor is a follower. Based on numerical Example 1, the expected annual cost is optimum when the lead time is three weeks, and from numerical Example 2, the optimum expected annual cost is obtained when the lead time is four weeks. The effect of the initial investment made for quality improvement and setup cost reduction has a significant effect on the expected annual cost reduction and minimum energy consumption, as concluded from numerical examples. Furthermore, the graphical analysis is performed to show the impact of the variation in the lot size, the number of shipments, the setup cost, and the process quality by considering energy-related costs. The sensitivity analysis was performed to validate the proposed model. The proposed model in this paper can be extended in several aspects by including the green supply chain management with variable demand, multi-item production, a multi-buyer supply chain, and a region-based distribution network.
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Appendix A


Lemma 1.

If the Hessian matrix for  E A  C s   is positive definite at the optimal values   (   Q *  ,  S *  ,  ϕ *   )   then  E A  C s   contains the global minimum at the optimum solution   (   Q *  ,  S *  ,  ϕ *   )   .





Proof. 

To show that the Hessian matrix for   E A  C s    is always positive definite, all minors must be positive definite, and the corresponding principal minors at the optimal values need to be:


   d e t  H  11   =   d e t  (     ∂ 2  E A  C s    ∂  Q 2     )     =   2  (  C  ( L )  + C    ( L )   ′   )  D    Q 3    +   2  (  A +  A ′   )  D    Q 3    +   2 D  (  S +  S ′   )    n  Q 3    +   (  h  b 2   +  h  b 2  ′  ) L  σ 2    2  Q 3   (  1 − λ  )    > 0   










   d e t  H  22   = d e t  (     ∂ 2  E A  C s      ∂  Q 2         ∂ 2  E A  C s      ∂ Q ∂ S        ∂ 2  E A  C s      ∂ S ∂ Q        ∂ 2  E A  C s      ∂  S 2       )     =    D 2     n 2   Q 4   (  λ − 1  )    −   2 B C  ( L )  D α    Q 3   S 2   (  λ − 1  )    −   2 A B D α    Q 3   S 2   (  λ − 1  )    −   2 B D α   n  Q 3  S  (  λ − 1  )    −    D 2  λ    n 2   Q 4   (  λ − 1  )    +   2 B C  ( L )  D α λ    Q 3   S 2   (  λ − 1  )    +   2 A B D α λ    Q 3   S 2   (  λ − 1  )    +      2 B D α λ   n  Q 3  S  (  λ − 1  )    −   B  h  b 2   L α  σ 2    2  Q 3   S 2   (  λ − 1  )    > 0   










    H  33   =   d e t  (     ∂ 2  E A  C s    ∂  Q 2       ∂ 2  E A  C s    ∂ Q ∂ S      ∂ 2  E A  C s    ∂ Q ∂ ϕ      ∂ 2  E A  C s    ∂ S ∂ Q      ∂ 2  E A  C s    ∂  S 2       ∂ 2  E A  C s    ∂ S ∂ ϕ      ∂ 2  E A  C s    ∂ ϕ ∂ Q      ∂ 2  E A  C s    ∂ ϕ ∂ S      ∂ 2  E A  C s    ∂  ϕ 2     )     =  1  4  n 2   Q 5   S 2   x 2   (  λ − 1  )   ϕ 2    ( − B  n 2   Q 5  α  (  λ − 1  )   ϕ 2     (  − D  h  b 1   + D  h  b 2   + 2  h  b 1   x − 2 D  h  b 1   ϕ + 2 D  h  b 2   ϕ  )   2     + 2 ( − 2  D 2  Q  S 2  x  (  λ − 1  )  + B n  Q 2  x α ( − 4 A D n − 4 C  ( L )  D n − 4 D S + 4 A D n λ    + 4 C D n λ + 4 D S λ −  h  b 2   L n  σ 2  ) )  (  b x α − D  h  b 1   Q  ϕ 2  + d j Q  ϕ 2   )  ) > 0   








It is proved that when all the principal minors are positive definite,     E A  C s    contains the optimal solution    (   Q *  ,  S *  ,  ϕ *   )  .   Hence, the    E A  C s    contains the global minimum at the optimal decision variable under the effect of optimum energy consumption. □
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Figure 1. Supply chain flow diagram under efficient energy consumption. 
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Figure 2. Inventory flow diagram. 
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Figure 3. Inventory pattern for the vendor. 
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Figure 4. Inventory of the buyer with inspection. 
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Figure 5. Flowchart of the algorithm. 
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Figure 6. Order quantity versus    E A  C s   . 
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Figure 7. Setup cost versus   E A  C s   . 
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Figure 8. Out-of-control probability versus   E A  C s   . 
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Figure 9. Number of shipments versus   E A  C s   . 
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Figure 10. Order quantity versus   E A  C s   . 






Figure 10. Order quantity versus   E A  C s   .



[image: Energies 12 03733 g010]







[image: Energies 12 03733 g011 550] 





Figure 11. Setup cost versus   E A  C s   . 
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Figure 12. Out-of-control probability versus   E A  C s   . 
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Figure 13. Number of shipments versus   E A  C s   . 
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Table 1. Contributions of authors.






Table 1. Contributions of authors.














	Author(s)
	Supply

Chain Management
	Electrical Energy Consumption
	Process Quality Improvement in Imperfect Production
	Setup Cost Reduction
	Distribution-Free Approach
	Transportation Discount





	Porteus [33]
	
	
	✓
	✓
	
	



	Gallego and Moon [12]
	
	
	
	
	✓
	



	Moon and Choi [14]
	
	
	
	
	✓
	



	Ouyang and Wu [13]
	
	
	
	
	✓
	



	Ouyang et al. [4]
	
	
	✓
	✓
	✓
	



	Ma and Qiu [16]
	
	
	
	✓
	✓
	



	Tsao and Lu [36]
	
	
	
	
	
	✓



	Ouyang et al. [37]
	✓
	
	✓
	
	
	



	Jha and Shanker [38]
	✓
	
	
	
	
	✓



	Dey and Giri [6]
	✓
	
	✓
	
	
	



	Priyan and Uthayakumar [39]
	✓
	
	
	✓
	
	✓



	Tayyab and Sarkar [9]
	
	
	✓
	
	
	



	Ben-Daya and Hariga [5]
	✓
	
	
	
	
	



	Tang et al. [25]
	
	✓
	
	
	
	



	Shin et al. [34]
	
	
	
	
	✓
	✓



	Kim et al. [23]
	✓
	
	✓
	✓
	✓
	



	Gutgutia and Jha [40]
	✓
	
	
	
	✓
	



	This paper
	✓
	✓
	✓
	✓
	✓
	✓
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Table 2. Notation for parameter and decision variables.
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Decision variable




	
  Q  

	
order quantity (units)




	
  ϕ  

	
probability of production process that may go to out-of-control state




	
  S  

	
setup cost for vendor per setup ($/setup)




	
  n  

	
number of shipments per lot (positive integer)




	
  L  

	
length of the lead time (weeks)




	
  r  

	
reorder point




	
Parameters




	
  P  

	
production rate (units/year)




	
  ρ  

	
reciprocal of  P  (years/unit)




	
  x  

	
screening rate (units/year)




	
  D  

	
average demand per year (units/year)




	
  σ  

	
standard deviation of demand (units/week)




	
   E  ( x )    

	
expected value of  x 




	
  X  

	
lead-time demand that has a probability distribution function  F 




	
    x +    

	
max    [  x , o  ]   




	
   E    (  X − r  )   +    

	
expected shortage per replenishment cycle




	
  μ  

	
mean of the lead-time demand




	
  A  

	
ordering cost of the buyer ($/order)




	
   A ′   

	
cost of the energy consumed per order of the buyer ($/order)




	
  C  

	
crashing cost per order ($/order)




	
   C ′   

	
cost for amount of energy consumed during lead-time crashing ($/order)




	
    S 0    

	
initial setup cost for vendor per lot ($/setup)




	
   S ′   

	
cost of energy consumed during setup ($/setup)




	
    L 0    

	
initial lead time length in weeks (weeks)




	
    h  b 1     

	
holding cost for buyer’s defective products per unit per year ($/unit/year)      h  b 1   <  h  b 2    




	
    h  b 1  ′    

	
cost of energy consumed during buyer’s defective products holding ($/unit/year)




	
    h  b 2     

	
holding cost for buyer’s non-defective products per unit per year ($/unit/year),




	
    h  b 2  ′    

	
cost of energy consumed during buyer’s non-defective products holding ($/unit/year)




	
    h v    

	
holding cost for vendor’s per unit per year ($/unit/year)




	
    h v ′    

	
cost of energy consumed during the vendor holding ($/unit/year)




	
s

	
screening cost per unit ($/unit)




	
   s ′   

	
energy cost consumed during screening ($/unit)




	
  W  

	
defective unit replacement cost ($/defective unit)




	
   W ′   

	
energy cost consumed during defective unit replacement ($/defective unit)




	
  α  

	
fractional annual cost of capital investment ($/year)




	
  λ  

	
the fraction of customers’ regular satisfied demand




	
    ϕ 0    

	
the initial probability of the production process shifting from control state to out-of-control state




	
  b  

	
coefficient to control quality improvement capital investment cost




	
  B  

	
coefficient of capital investment for controlling setup cost reduction




	
    u j    

	
minimum duration for jth lead-time component (days),   j = 1 ,   2 ,   … ,   n  




	
    v j    

	
normal duration for jth lead-time component (days),   j = 1 ,   2 ,   … ,   n  




	
    m i    

	
crashing cost per day for ith component of lead time ($/day),   i = 1 ,   2 ,   … ,   n  




	
    m i ′    

	
cost of energy consumed during crashing for ith component ($/day),   i = 1 ,   2 ,   … ,   n  




	
    m j    

	
crashing cost per day for jth component of lead time with    m j    as ($/day),   j = 1 ,   2 ,   … ,   n  




	
    m j ′    

	
cost of energy consumed during crashing for jth component ($/day),     j = 1 ,   2 ,   … ,   n  




	
    γ i    

	
transportation cost,   i = 1 ,   2 ,   … ,   n  




	
    γ i ′    

	
energy consumed during transportation,   i = 1 ,   2 ,   … ,   n  
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Table 3. Components of lead time.






Table 3. Components of lead time.





	Lead-Time Component
	Normal Duration     v i     (Days)
	Minimum Duration     u i     (Days)
	Crashing Cost Per Unit     m i     ($/Days)
	Cost of Electrical Energy Consumed     m i ′     ($/Days)





	1
	20
	6
	0.3
	0.1



	2
	20
	6
	1.0
	0.2



	3
	16
	9
	4.5
	0.5
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Table 4. Transportation cost structure.
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	Quantity Range

(units)
	Unit Transportation Cost ($/unit)
	Unit Transportation Cost with Energy

($/unit)





	   0 ≤ Q < 200   
	0.18
	0.02



	   200 ≤ Q < 400   
	0.13
	0.02



	   400 ≤ Q < 600   
	0.17
	0.02



	   600 ≤ Q   
	0.14
	0.3
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Table 5. Impact of lead time on   E A  C s      and other decision variables.
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	Lead-Time

weeks
	    E A  C s     

$/year
	   Q   

units
	   n   

lots
	   ϕ   
	   S   

$/year
	   r   

units





	   3    *    
	   3295.45    *    
	   176.16    *    
	    2    *     
	     0.00183     *     
	   140.93    *    
	   30.2    *    



	4
	3380.87
	   124.52   
	5
	   0.00187   
	249.05
	49.10



	6
	   3538.68   
	119.34
	6
	0.00188
	286.42
	71.05



	8
	3317.19
	178.04
	2
	0.00183
	242.43
	64.26







* The bold numbers are the optimum values obtained.
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