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Abstract 
The Heijendaal field lab is working on improving the performance of health care logistics on the 

Heijendaal Campus. In order to find improvement directions to achieve this goal, the performance of 

several supply chain scenarios have been analyzed. 

Three scenarios have been analyzed by constructed mathematical models to compare performance 

of these scenarios. These mathematical models assume the assumptions made in the EOQ model. 

Furthermore, these mathematical models have been implemented in Excel to allow the Heijendaal 

Campus to easily compare scenarios. 

The limitations of the mathematical models are discussed, as well as possible directions for future 

research. Future models could relax the assumptions made in this thesis, such as including a 

stochastic demand pattern. 
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1 Introduction 
This bachelor thesis is part of a bigger project initiated by the HAN University of Applied Sciences 

(HAN). The aim of this project is to develop a blueprint for cost-efficient, consolidated and emission-

free “last-mile” solutions that can be transferred to other (healthcare) organizations. Heijendaal 

Campus is located close to the city centre of Nijmegen and houses three organizations: Radboud 

University Medical Center (Radboudumc), Radboud University and HAN University of Applied 

Sciences. Together they want to improve the manner in which they are supplied, leading to less 

emissions, congestion and supply chain costs and at the same time higher service levels. Prior 

research of the HAN showed that 85% of all freight transport on the campus is for Radboudumc 

which emphasizes the major role of healthcare logistics (Moeke et al., 2019). 

Supply chain management can be used to analyze and manage the social and environmental 

implications that are associated with increased traffic volumes. Supply chain management is the 

management of a network of interconnected businesses involved in the ultimate provision of 

product and service packages required by end customers (Harland, 1996, as cited in Cuthbertson et 

al., 2011). Collaboration between suppliers and customers offers the potential to realize substantial 

cost reduction and service improvement benefits, whereas decentralized decisions in a supply chain 

create a potential of self-interest and conflict (Minner, 2005). 

The aim of this thesis is to provide generic mathematical models that can be used to analyze supply 

chain costs and emissions of existing supply chains. Furthermore, the mathematical models will be 

implemented in Excel to allow for easier comparison between supply chains and to test the 

sensitivity of input parameters. 

In this thesis, the supply process of the campus is analyzed by examining three supply chain 

scenarios, in which multiple replenishment policies are used, to compare supply chain costs: 

ordering costs, holding costs and transportation costs, and emissions between each scenario. These 

scenarios are displayed below and will be further explained in the next section of this chapter, 

problem description.  

This report is divided in 3 deliverables. 

1. Mathematical model for current situation using an individual replenishment ordering policy. 

2. Mathematical model for joint replenishment ordering policy. 

3. Mathematical model for consolidation hub where joint replenishment and individual 

replenishment policies are both used. 

 
Figure 1: Supply chain scenarios; 1. Individual replenishment, 2. Joint replenishment & 3. Consolidation hub. (Ploos van 

Amstel et al., 2014) 
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1.1 Problem description 
In this section each supply chain scenario and the differences between them will be explained. 

Firstly, the stakeholders that are present in all scenarios will be covered. Each scenario consists of 

two suppliers, the hospital and an external logistics provider, which is not displayed in figure 1.  

The suppliers represent suppliers of Radboudumc that deliver their respective products to the 

campus by using the services of the external logistics provider. The products provided by the 

suppliers are not substitutable. The hospital represents Radboudumc, which consists of smaller 

entities. These smaller entities require the products of the suppliers, however, the ordering process 

in this thesis is performed by Radboudumc and the distribution of products once delivered to 

Radboudumc is not included. The external logistics provider is responsible for the transport of 

products between suppliers and the hospital.  

In each scenario the hospital experiences constant and deterministic demand. The hospital 

determines the order quantities and order cycle, the suppliers provide their products based on the 

orders made by the hospital. The hospital pays the suppliers for their products and the suppliers pay 

for the transport of products. The costs that are analyzed for each scenario are the respective costs 

for each stakeholder and the emissions. 

In the first scenario the products are ordered individually from their respective supplier. This is the 

current situation for the hospital. The hospital determines the order quantity and order for each 

product separately. The suppliers do not collaborate in any way. Each delivery contains the order 

quantity for only one product, therefore, two trucks are needed when both products are ordered at 

once. 

In the second scenario products are ordered using a joint replenishment policy (JRP). Joint 

replenishment of products is a common approach in supply chain management, which is sought to 

reduce fixed costs, e.g., by shipping several products on one truck (Maddah et al., 2016). The 

hospital makes use of a single order cycle for both products, in an order cycle both products are 

ordered according to the demand experienced in that order cycle. Both products are then delivered 

to the hospital by a single truck, which collects both products from their respective supplier. The 

suppliers pay transportation costs to the external logistics provider based on a weighted average of 

the order quantity transported of their products. 

In the third and final scenario products are also ordered using a joint replenishment policy. However, 

instead of delivering products directed to the hospital they are transported to a hub that is located 

near the hospital, outside the city centre. The products are stored in this hub and are transported 

using electric trucks to provide an emission free “last-mile” solution. The transportation of products 

between the hub and the entities within the hospital is done individually.  

The scope of this thesis covers the transportation of products between the suppliers and the 

hospital. The entities within the hospital that require the products are out of scope. It is assumed 

that the lead time within the hospital is negligible, therefore, this is not included in the mathematical 

models. 
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1.2 Research questions 
In this section the research question for each deliverable are given. 

Deliverable 1: Individual replenishment 

• Q1.1: How are products delivered with individual replenishment? 

• Q1.2: What assumptions are made for this scenario? 

• Q1.3: What parameters and variables are relevant for this model? 

• Q1.4: How is the optimal order quantity decided? 

• Q1.5: What are the costs per stakeholder? 

• Q1.6: Excel implementation 
 
Deliverable 2: Joint replenishment 

• Q2.1: How are products delivered with joint replenishment? 

• Q2.2: What assumptions are made for this scenario? 

• Q2.3: What parameters and variables are relevant for this model? 

• Q2.4: How is the optimal order cycle length decided? 

• Q2.5: What are the costs per stakeholder? 

• Q2.6: Excel implementation 
 
Deliverable 3: Hub 

• Q3.1: How are products delivered when using a consolidation hub? 

• Q3.2: What assumptions are made for this scenario? 

• Q3.3: What parameters and variables are relevant for this model? 

• Q3.4: How is the optimal order cycle length decided? 

• Q3.5: What are the costs per stakeholder? 

• Q3.6: Excel implementation 
 

1.3 Method 
Both a qualitative and quantitative approach will be used for this research. Firstly, a qualitative 

approach is used to discover how each supply chain scenario works and what mathematical models 

can be applied to the scenarios. Secondly, the aforementioned mathematical models will be 

constructed to analyze the supply chain scenarios. The formulas used in the mathematical models 

will be checked for correctness by checking the feasibility of the outcomes received when inputting 

extreme values such as zero and infinity.  

The hospital experiences constant deterministic demand, therefore, the EOQ model will be used in 

the each scenario, this is used to calculate the optimal order quantity for each product. The 

mathematical model for the first scenario calculates the optimal order quantity for each product. For 

the second scenario, formulas based on the EOQ model will be used to calculate the optimal time 

between orders (order cycle length). The mathematical models constructed for the third scenario 

calculate both the optimal order cycle for the transportation of products between the suppliers and 

hub, and the optimal order cycle and quantity for the transportation of products between the hub 

and hospital. 
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1.4 Report structure 
The report proceeds as follows. The following chapter answer the research questions for deliverable 

1, individual replenishment. Chapter 3 answers the research question for deliverable 2, joint 

replenishment. In chapter 4 the research questions for deliverable 3, hub, are answered. Finally, the 

findings and limitations of the research are discussed, as well as conclusions in chapter 5. 
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2 Individual replenishment 
In this research question, a scenario with two suppliers providing two different products will be 

discussed. These suppliers provide their respective products directly to the hospital without 

communicating with each other. This is the scenario that represents the current situation. 

The goal is to formulate a mathematical model that is able to calculate the costs for each 

stakeholder. Furthermore, the amount of emissions from transport and storage facilities, such as 

cooling cells, should also be calculated. 

2.1 Situation description 

 
Figure 2: Individual replenishment 

The hospital orders Products 1 and 2 (𝑃1 & 𝑃2) from suppliers A and B (𝑆𝐴 & 𝑆𝐵) respectively. The 

hospital has a leading role in this ordering process, the suppliers meet the demand of the hospital to 

the best of their ability. 𝑆𝐴 & 𝑆𝐵 outsource their transport activities to an external logistics provider 

and pay a fixed amount per delivery to this external company. There are several assumptions made 

for this model: 

• Suppliers A and B use an external logistics provider for their deliveries. 

• Suppliers A and B always have sufficient stock to satisfy the demands of the hospital. 

• Suppliers A and B experience a constant and negligible lead time. 

• Suppliers A and B pay for the transportation of their own products. 

• Suppliers A and B experience the same fixed transportation costs per delivery. 

• The hospital only pays the suppliers for the products, the suppliers pay for truck deliveries. 

• The hospital experiences fixed order costs per delivery. 

• The hospital cannot order more than the maximum truckload. 

• The hospital has a zero backorder policy. 

• Product 1 and 2 have the same weight and size, therefore, the maximum truckload for these 

products is the same. 
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2.2 Model parameters 
Table 1: Individual replenishment model parameters 

Parameter Description 

𝒄𝒊 Proportional purchasing cost per unit for product 𝑖 

𝑫𝒊 Annual demand for product 𝑖 

𝒆𝒊 Annual emissions for product 𝑖 

𝒉𝒊 Annual inventory holding cost per copy of product 𝑖 in euro 

𝒉𝒊,𝒆 Annual inventory holding cost per copy of product 𝑖 in CO2 emissions 

𝑲𝒉 Ordering cost for hospital 

𝑲𝒔 Transportation cost for suppliers 

𝑲𝒆 Environmental cost per delivery in CO2 emissions 

𝑴 Maximum truckload in number of copies 

𝑸𝒊 Order quantity per truck delivery for product 𝑖 

𝒕𝒊 Lead time of truck delivery for product 𝑖 

 

2.3 Total costs for hospital 
Firstly, the total economic costs for the hospital will be calculated. The hospital has to determine the 

optimal order quantity for each product. Economic Order Quantity (EOQ) will be used for this 

problem, since the demand is constant and each new order is delivered in full when inventory 

reaches the reorder point. The EOQ model for one product is the sum of the annual ordering cost 

and the annual holding cost. The assumptions of the EOQ model are (Nahmias, 2015): 

1. The demand rate is known and is a constant 𝐷𝑖 units per year. 

2. Shortages are not permitted. 

3. There is no order lead time. 

4. The costs include 

a. Setup costs K per order placed. 

b. Proportional purchasing cost c per unit ordered. 

c. Holding cost h per unit held per unit time. 

The 3rd assumption made in the EOQ model of no order lead time can be relaxed. If the lead time is 

known, the order can be placed in advance. However, rather than saying the order should be placed 

so far in advance of the end of a cycle, it is more convenient to indicate reordering in terms of the 

on-hand inventory (Nahmias, 2015). The reorder point, 𝑅𝑖, can be defined as the level of on-hand 

inventory of product 𝑖 at the instant and order should be placed. 𝑅𝑖 is the product of the demand 

rate per year and the lead time 𝑅𝑖 = 𝐷𝑖 ∙ 𝑡𝑖). 

The proportional ordering purchasing per year is 𝐷𝑖 ∙ 𝑐𝑖, this term is independent of the decision 

variables 𝑄𝑖 & 𝑅𝑖. Because of this, it does not affect optimization.  
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Table 2: Total costs hospital 

 

The total annual delivery cycles are calculated as shown in (2.1). From this the total ordering costs 

can be calculated (2.2). The annual holding costs can also be calculated by using the average 

inventory (2.3). The annual purchasing costs for product 𝑖 are constant, as shown in (2.4). Using 

(2.2), (2.3) and (2.4) the total cost function can be constructed as shown in (2.5). The restrictions to 

this object function are: the order quantity is nonnegative and cannot exceed the maximum 

truckload per delivery (2.6). The optimal order quantity can then be derived by taking the derivative 

of the object function and equaling it to zero (2.7). As indicated by the restriction (2.6), the order 

quantity cannot exceed M, which is why the minimum is taken of the EOQ formula and M in (2.7). 

The total costs derived from the EOQ model represent the total costs for the hospital. The goal of 

the hospital is to minimize costs while maintaining their service level. To achieve minimal economic 

costs, the hospital should calculate the optimal order quantity using the EOQ formula given above.  

2.4 Total costs for supplier 
Secondly, the total costs for each supplier can be calculated. The supplier experiences similar types 

of costs as the hospital, such as labor cost and cost of delivery. The cost per delivery for suppliers 𝐾𝑠 

includes the aforementioned costs. Each cycle the supplier has to pay these costs. Therefore, the 

yearly costs for the supplier depend on the amount of cycles per year. A higher amount of cycles 

leads to higher yearly costs. Total annual costs for suppliers will be calculated as follows: 

Table 3: Total costs supplier 

 

From these formulas, it can be concluded that a higher order quantity leads to a lower amount of 

delivery cycles per year. However, lower order frequency leads to higher inventory costs, due to 𝑄𝑖  

increasing in the formula  
𝑄𝑖

2
 ∙ ℎ𝑖.  

 

 

 

Annual delivery cycles for product 𝑖: 
𝐷𝑖

𝑄𝑖
      (2.1) 

Annual ordering costs for product 𝑖: 
𝐷𝑖

𝑄𝑖
 ∙ 𝐾ℎ      (2.2) 

Annual holding costs for product 𝑖: 
𝑄𝑖

2
 ∙ ℎ𝑖      (2.3) 

Annual purchasing costs for product 𝑖: 𝐷𝑖 ∙ 𝑐𝑖      (2.4) 

Object function:   𝑇𝐶𝑖 =
𝐷𝑖

𝑄𝑖
 ∙ 𝐾ℎ +

𝑄𝑖

2
 ∙ ℎ𝑖 + 𝐷𝑖 ∙ 𝑐𝑖  (2.5) 

Restrictions:    0 ≤ 𝑄𝑖 ≤ 𝑀     (2.6) 

Result:     𝑄𝑖
∗ = 𝐸𝑂𝑄𝑖 =  

𝑑𝑇𝐶𝑖

𝑑𝑄𝑖
= 𝑚𝑖𝑛 (√

2𝐷𝑖𝐾ℎ

ℎ𝑖
, 𝑀) (2.7) 

 

Annual delivery costs for product 𝑖: 
𝐷𝑖

𝑄𝑖
∙ 𝐾𝑠      (2.8) 

Restrictions:    0 ≤ 𝑄𝑖 ≤ 𝑀     (2.9) 
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2.5 Environmental costs 
Lastly, the mathematical model should be able to calculate environmental costs. The total cost 

formula of the EOQ model will be used to calculate the emissions for this scenario. CO2 emission is 

caused by both transportation of products and inventory holding, as cooling systems are necessary 

to preserve products. The total cost formula for the EOQ model will be altered to calculate emissions 

instead of economic costs. Monetary costs per truck delivery is replaced by CO2 emissions per truck 

delivery and monetary costs for keeping inventory is replaced by CO2 emissions linked to keeping 

inventory. The following formula will be used: 

Table 4: Total emissions 

 

2.6 Excel implementation 
An Excel tool is used to combine these formulas to provide a mathematical model that can be used 

to analyze scenarios. The Excel tool allows for testing of several input parameters to calculate the 

costs associated with these parameters. An example of a calculation is shown below: 

 
Figure 3: Implementation of mathematical model in Excel  

The Excel provides insight into some intermediate parameters, such as the optimal order quantity, 

average inventory level, annual amount of orders and the optimal reorder point. These intermediate 

parameters are displayed to give insight to the cost components for the stakeholders. The costs for 

each stakeholder are shown on the right side of the tool. The formulas used in the Excel tool have 

been checked and provide the same results as the mathematical model given in this thesis. 

 

  

Total CO2 emissions for product 𝑖: 
𝐷𝑖

𝑄𝑖
 ∙ 𝐾𝑒 +

𝑄𝑖

2
 ∙ ℎ𝑖,𝑒    (2.10) 
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3 Joint replenishment 
In this scenario the two suppliers provide their respective products to the hospital through a joint 

replenishment solution. In this scenario a single truck delivers both products to the hospital. The 

time interval at which this happens will be calculated to minimize total costs. The difference 

between the earlier discussed scenario is that the products are ordered at the same time, instead of 

independently. 

The goal is to formulate a mathematical model that is able to calculate the costs for each 

stakeholder and the total costs of all stakeholders combined. Furthermore, the amount of emissions 

from transport and inventory should also be calculated. 

3.1 Situation description 
 

 
Figure 4: Joint replenishment 

The hospital orders Products 1 and 2 (𝑃1 & 𝑃2) from suppliers A and B (𝑆𝐴 & 𝑆𝐵) respectively. The 

hospital orders both products at the same time. The hospital has a leading role in this ordering 

process, the suppliers meet the demand of the hospital to the best of their ability. 𝑆𝐴 & 𝑆𝐵 outsource 

their transport activities to an external logistics provider and pay a fixed amount per delivery to this 

external company. The external logistics provider delivers both products in a single delivery trip. 

There are several assumptions made for this model: 

Assumptions that are the same in scenario 1: 

• Suppliers A and B always have sufficient stock to satisfy the demands of the hospital. 

• Suppliers A and B experience a constant and negligible lead time. 

• Suppliers A and B experience fixed transportation costs per delivery. 

• The hospital only pays the suppliers for the products, the suppliers pay for truck deliveries. 

• The hospital experiences fixed order costs per delivery. 

• The hospital cannot order more than the maximum truckload. 

• The hospital has a zero backorder policy. 

• Product 1 and 2 have similar weight and size, therefore, the maximum truckload for these 

products is the same. 
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Assumptions that are different from scenario 1: 

• Suppliers A and B split the truck delivery costs of the external logistics provider based on a 

weighted average of total demand. 

• Suppliers A and B use the same logistics providers for transportation of their products. 

• Suppliers A and B share the cost of transportation for their products. 

• The total order quantity for products 1 and 2 combined has to be less than the maximum 

truckload. 

• The hospital places an order for both products at the same time. 

3.2 Model parameters 
Table 5: Joint replenishment model parameters 

Parameter Description 

𝑫𝒊 Annual demand for product 𝑖 

𝒆 Annual emissions 

𝒉𝒊 Annual inventory holding cost per copy of product 𝑖 in euro 

𝒉𝒊,𝒆 Annual inventory holding cost per copy of product 𝑖 in emissions 

𝑲𝒉 Ordering cost for hospital 

𝑲𝒊 Ordering cost for product 𝑖  

𝑲𝒋 Transportation cost for supplier 𝑗 

𝑲𝒔 Transportation cost for joint delivery suppliers 

𝑲𝒆 CO2 emissions per truck delivery 

𝑴 Maximum truckload  

𝑸𝒊 Order quantity per truck delivery for product 𝑖 

𝑻 Order cycle length in years joint replenishment 

𝑻𝒊 Order cycle length in years for product 𝑖 when ordering individually  

3.3 Total costs for hospital 
For this scenario, the Economic Order Quantity (EOQ) model will be used, similarly to the first 

scenario. The hospital faces constant demand for both products and direct delivery from stock is 

always required. However, since the hospital has to order both products at the same time, the 

optimal order cycle length is calculated instead of the optimal order quantity per product. The order 

quantity per product will be based on the order cycle length.  

Firstly, the formulas to calculate the optimal order cycle length for each product individually will be 

given. Secondly, the formulas to calculate the optimal order cycle length for the joint replenishment 

problem are given. The object function represent the total costs for the hospital. 

Table 6: Individual ordering 

 
 

Fixed order quantity product 𝑖: 𝑄𝑖 = 𝑇𝑖 ∗ 𝐷𝑖        (3.1) 

Object function:  𝐸[𝑇𝐶(𝑄𝑖)] = 𝑇𝐶(𝑇𝑖 ∗ 𝐷𝑖) = 𝑇𝐶(𝑇𝑖) =
𝐾ℎ

𝑇𝑖
+

ℎ𝑖

2
∗ 𝐷𝑖 ∗ 𝑇𝑖  (3.2) 

Restrictions:   𝑇𝑖 ≥ 0         (3.3)  

    𝑇𝑖 ∗ 𝐷𝑖 ≤ 𝑀 ↔ 𝑇𝑖 ≤
𝑀

𝐷𝑖
      (3.4) 

Result:    𝑇𝑖
∗ = 𝑚𝑖𝑛 [√

2𝐾ℎ

𝐷𝑖∗ℎ𝑖
,

𝑀

𝐷𝑖
]      (3.5) 
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The order quantity for each product is fixed and dependent on the length of the order cycle and 

annual demand. Since demand is constant, the order quantity is satisfies demand each order cycle.  

The object function represents the total costs for the hospital for product 𝑖. The total costs consist of 

ordering costs and holding costs. This function calculates the annual total costs. The ordering costs 

are calculated by multiplying the ordering costs by the amount of orders per year. The duration of an 

order cycle is 𝑇𝑖, to get the total amount of orders per year the inverse of 𝑇𝑖 is used. The holding 

costs are calculated by multiplying the average inventory 
𝑄𝑖

2
=

𝑇𝑖∗𝐷𝑖

2
 by the holding costs ℎ𝑖. The 

order cycle length is a non-negative number and the order quantity has to be less than the maximum 

truckload 𝑀. The optimal order cycle length can then be calculated by taking the derivative of the 

total cost function. The maximum order cycle length should be able to satisfy the demand, while 

taking into account the maximum truckload.  

Table 7: Joint replenishment  

 

The formulas needed to calculate the optimal cycle length for combined ordering, or joint 

replenishment, are shown above. Products 1 and 2 have a fixed order quantity (3.6), similar to 

individual ordering (3.1). However, both products now have to be ordered at the same time. 

Therefore, the object function contains holding costs for both products (3.7). The ordering cost 

component 
𝐾ℎ

𝑇
 found in the object function is the same as in the formula for individual ordering, 

since only one order has to be made to order both products. The object function now contains the 

order cycle length 𝑇, which is calculated based on the cost of both products. 

Similarly to the previous formulas, the optimal order cycle length is calculated by taking the 

derivative of the object function (3.10). The order cycle length cannot be greater than the order 

cycle length needed to satisfy the demand with maximum truckloads (3.9). 

The total costs per product can then be calculated by calculating the weighted ordering costs (3.12), 

based on demand, for each product and solving the total cost formula given for individual ordering 

(3.11). To create a win-win situation for all stakeholders should have lower costs in this scenario, 

compared to the first scenario. 

 

Fixed order quantity product 𝑖:  𝑄𝑖 = 𝑇 ∗ 𝐷𝑖      (3.6) 

Object function:   𝐸[𝑇𝐶(𝑇)] =
𝐾ℎ

𝑇
+ (

ℎ1

2
∗ 𝐷1 +

ℎ2

2
∗ 𝐷2) ∗ 𝑇 (3.7) 

Restrictions:    𝑇 ≥ 0      (3.8) 

     𝑇 ∗ 𝐷1 + 𝑇 ∗ 𝐷2 ≤ 𝑀 ↔ 𝑇 ≤
𝑀

𝐷1+𝐷2
  (3.9) 

Result:     𝑇∗ = 𝑚𝑖𝑛 [√
2𝐾ℎ

ℎ1∗𝐷1+ℎ2∗𝐷2
,

𝑀

𝐷1+𝐷2
]  (3.10) 

Total costs for product 𝑖:  𝐸[𝑇𝐶𝑖(𝑇)] =
𝐾𝑖

𝑇
+

ℎ𝑖

2
∗ 𝐷𝑖 ∗ 𝑇   (3.11) 

     𝐾𝑖 =
𝐷𝑖

𝐷1+𝐷2
∗ 𝐾ℎ    (3.12) 
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3.4 Total costs per supplier 
The costs for suppliers depend on the amount of deliveries per year. The amount of deliveries per 

year in turn depend on the order cycle length decided on by the hospital. The total costs for 

suppliers can be calculated as follows: 

Table 8: Total costs for suppliers 

 

Each supplier wants to know how much to pay for the truck delivery, therefore, the transportation 

costs for each supplier is calculated as shown in (3.14) and (3.15). 

3.5 Total emissions 
Total emissions can be calculated using amount of orders per year and average inventory, similarly 

to the first scenario.  

Table 9: Total emissions 

 

3.6 Excel implementation 
An Excel tool is used to combine these formulas to provide a mathematical model that can be used 

to analyze scenarios. The Excel tool allows for testing of several input parameters to calculate the 

costs associated with these parameters. An example of a calculation is shown below: 

 

Figure 5: Excel implementation joint replenishment 

The Excel provides insight into some intermediate parameters, such as the order cycle length, orders 

per year and the order size per product. These intermediate parameters are displayed to give insight 

to the cost components for the stakeholders. The costs for each stakeholder are shown on the right 

side of the tool, similarly to the Excel tool discussed in chapter 2. The costs for individual 

replenishment and joint replenishment are both calculated to allow for comparison between the 

Total costs per supplier 𝑗:   
𝐾𝑗

𝑇
, with 𝑗 ∈ {𝐴, 𝐵}    (3.13) 

Transportation costs for supplier A: 𝐾𝐴 =
𝐷1

𝐷1+𝐷2
∗ 𝐾𝑠    (3.14) 

Transportation costs for supplier B: 𝐾𝐵 =
𝐷2

𝐷1+𝐷2
∗ 𝐾𝑠    (3.15) 

 

 

 

 

Total emissions:   𝑒 =  
𝐾𝑒

𝑇
 +

ℎ𝑒

2
∗ (𝐷1 + 𝐷2) ∗ 𝑇   (3.16) 
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two. The formulas used in the Excel tool have been checked and provide the same results as the 

mathematical model given in this thesis. 

4 Hub 
This scenario combines elements found in the earlier discussed scenarios. A hub is used to store 

products outside the hospital, the hospital then transports products from this hub to satisfy its 

customers’ demand. The transportation vehicles used for transportation between the hub and the 

hospital are electric vehicles. In this scenario, inventory is kept at two locations: the hub and the 

hospital.  The goal is to formulate a mathematical model that is able to calculate the costs for each 

stakeholder. Furthermore, the amount of emissions from transport and inventory should also be 

calculated. 

4.1 Situation description 

 
Figuur 1: Situation description hub 

The hospital orders Products 1 and 2 (𝑃1 & 𝑃2) from suppliers A and B (𝑆𝐴 & 𝑆𝐵) respectively. The 

hospital orders both products at the same time. The hospital has a leading role in this ordering 

process, the suppliers meet the demand of the hospital to the best of their ability. 𝑆𝐴 & 𝑆𝐵 outsource 

their transport activities to an external logistics provider and pay a fixed amount per delivery to this 

external company. The external logistics provider delivers both products in a single delivery trip to 

the hub. Products are then delivered to the hospital using electric transportation vehicles. Inventory 

is kept at both the hub and the hospital. There are several assumptions made for this model: 

Assumptions that are the same in scenario 1 and/or 2: 

• Suppliers A and B always have sufficient stock to satisfy the demands of the hospital. 

• Suppliers A and B experience a constant and negligible lead time. 

• Suppliers A and B experience fixed transportation costs per delivery. 

• The hospital only pays the suppliers for the products, the suppliers pay for truck deliveries. 

• The hospital experiences fixed order costs per delivery. 

• The hospital cannot order more than the maximum truckload. 

• The hospital has a zero backorder policy. 
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• Product 1 and 2 have similar weight and size, therefore, the maximum truckload for these 

products is the same. 

• Suppliers A and B use the same logistics providers for transportation of their products. 

• Suppliers A and B split the truck delivery costs of the external logistics provider, from the 

suppliers to the hub, based on a weighted average of total demand. 

• The hospital places an order for both products at the same time. 

• The total order quantity for products 1 and 2 combined has to be less than the maximum 

truckload. 

Assumptions that are unique to this scenario: 

• The hub should always be able to satisfy the demand of the hospital. 

• The hub cannot order more than the maximum truckload per delivery. 

• The hub has infinite storage capacity. 

• The hub places an order for both products at the same time. 

• The holding costs for product 1 and 2 are the same at the hub. 

• Transportation from the hub to the hospital has to be done with electric trucks. 

• Products always pass through the hub and the hospital before arriving at the desired 

location. 

• The hospital experiences fixed lead time between the hub and the hospital. 

• The hospital first decides its order cycle length, the order cycle length for the hub has to be a 

multiple of this order cycle length. 

4.2 Model parameters 
Table 10: Joint replenishment model parameters 

Parameter Description 

𝑫𝒊 Annual demand for product 𝑖 

𝒆 Annual emissions 

𝒇 Number of truck deliveries between hub and hospital for product 𝑖 during 𝑇0 

𝒉𝒊 Annual inventory holding cost per copy of product 𝑖 in euro at the hospital 

𝒉𝟎 Annual inventory holding cost per copy in euro at the hub 

𝒉𝟎,𝒆 Annual inventory holding cost per copy in emission at the hub 

𝒉𝒊,𝒆 Annual inventory holding cost per copy of product 𝑖 in emissions 

𝑲𝟎 Ordering cost per truck delivery for hub 

𝑲𝒋 Transportation cost for supplier 𝑗 

𝑲𝒉 Order cost per truck delivery for hospital 

𝑲𝒆 CO2 emissions per truck delivery to hub 

𝑲𝒆𝒍𝒆𝒄 Emissions per truck delivery to the hospital using electric trucks 

𝑲𝒔 Cost per truck delivery for suppliers 

𝑳 Lead time between hub and hospital 

𝑳𝟎 Lead time between suppliers and hub 

𝑴 Maximum truckload in number of copies for hub 

𝑴𝒆𝒍𝒆𝒄 Maximum truckload in number of copies for hospital 

𝑸𝒊,𝟎 Order quantity per truck delivery for product 𝑖 to hub 

𝑸𝒊 Order quantity per truck delivery for product 𝑖 to hospital 

𝑹𝒊 Reorder point for product 𝑖 

𝑻𝟎 Order cycle length in years for joint replenishment to the hub 

𝑻 Order cycle length in years for joint replenishment to the hospital 
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4.3 Total costs hospital 
The hospital orders products 1 and 2 from the hub, similarly to second scenario discussed in this 

thesis. However, to ensure that the hub is always able to satisfy the demand of the hospital, the 

ratio between the hospital order cycle time and the hub order cycle time should be an integer 

number. This means that 
𝑇0

𝑇
 or 

𝑇

𝑇0
 should be a positive integer, thus the order cycle length for the hub 

𝑇0 should be a multiple of the order cycle length of the hospital 𝑇. This is taken into account when 

calculating the order cycle length of the hub. 

The formulas for calculating the order cycle length of the hospital are the same as in the second 

scenario. The difference between scenario 2 and scenario 3 is the usage of electric trucks for 

transportation between the hub and hospital. Therefore, 𝐾𝑒𝑙𝑒𝑐 is used in the following object 

function. 

Table 11: Total costs hospital 

 

The difference from scenario 2 is the order costs for the mode of transport between the hub and 

hospital, and the maximum truckload for electric trucks. These parameters can be seen in (4.2) and 

(4.4). These parameters are also present in the optimization function (4.5).  

Based on the decision made by the hospital, the order cycle length for the hub can be calculated by 

choosing the best value for 𝑓, so that the total costs for the hub are lowest. The hospital can only 

order a discrete amount of times, therefore, 
1

𝑇
 should be rounded up or down to get an integer 

number of orders per year.  

4.4 Total costs hub 
The hub orders products 1 and 2 simultaneously using the EOQ model. For this scenario, the hub 

decides its ordering policy based on the order cycle length chosen by the hospital. The hub has to 

satisfy the orders of the hospital. The optimal order cycle is calculated for the hub, subsequently the 

order quantity is calculated based on the order cycle length and the total demand for product 𝑖. 

The formulas used to calculate the optimal order cycle length for joint replenishment at the hub will 

be given below. The object function represents the total costs for the hub. The goal for the hub is to 

minimize its cost while being able to satisfy all demand. 

 

 

 

Fixed order quantity product 𝑖:  𝑄𝑖 = 𝑇 ∗ 𝐷𝑖      (4.1) 

Object function:   𝐸[𝑇𝐶(𝑇)] =
𝐾ℎ

𝑇
+ (

ℎ1

2
∗ 𝐷1 +

ℎ2

2
∗ 𝐷2) ∗ 𝑇 (4.2) 

Restrictions:    𝑇 ≥ 0      (4.3) 

     𝑇 ∗ 𝐷1 + 𝑇 ∗ 𝐷2 ≤ 𝑀𝑒𝑙𝑒𝑐  ↔ 𝑇 ≤
𝑀𝑒𝑙𝑒𝑐

𝐷1+𝐷2
  (4.4) 

Result:     𝑇∗ = 𝑚𝑖𝑛 [√
2𝐾ℎ

ℎ1∗𝐷1+ℎ2∗𝐷2
,

𝑀𝑒𝑙𝑒𝑐

𝐷1+𝐷2
]  (4.5) 

Reorder point for product 𝑖:  𝑅𝑖 = 𝐷𝑖 ∗ 𝐿     (4.6) 
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Table 12: Total costs hub 

 

The order cycle length for the hub 𝑇0 has to be a multiple of the order cycle length for the hospital 𝑇, 

as shown in (4.7).The inventory level of the hub is shown in Figure 6 below, in this image the value 

for 𝑓 is 3. The average inventory holding costs for product 𝑖 for the warehouse is shown in (4.9) 

(Abdul-Jalbar et al., 2009). The object function replaces 𝑇0 with 𝑓 ∗ 𝑇, so the optimal value of 𝑓 can 

be found (4.10).  

The optimal value of 𝑓 is found by taking the derivative of the object function, the derivative is given 

in (4.13). The optimal value for 𝑓 has to satisfy the maximum truckload constraint. This restriction is 

included in (4.13) by taking the minimum of the derivative of the object function (4.10) and the 

maximum truckload constraint (4.11). The value of 𝑓 has to be an integer and has to be greater than 

1 (4.12), since if 𝑓 ≤ 0, the holding cost function becomes negative. Therefore, a maximum is taken 

of the optimal value of 𝑓 that satisfies the truckload constraint and 1. If 𝑓 is equal to 1, the hub does 

not experience any holding costs. This can be shown by entering 𝑓 = 1 in the function for holding 

costs (4.9), which leads to 0. If the value for f is not an integer, the two nearest integers should be 

used for 𝑓 to find the minimum value of the total cost function. 

 

Order cycle length:  𝑇0 = 𝑓 ∗ 𝑇      (4.7) 

Fixed order quantity product 𝑖: 𝑄𝑖,0 = 𝑇0 ∗ 𝐷𝑖       (4.8) 

Holding costs hub product 𝑖: 
(𝑓−1)𝐷𝑖∗𝑇

2
∗ ℎ0      (4.9) 

Object function:  𝐸[𝑇𝐶(𝑓)] =  
𝐾0

𝑓∗𝑇
+ (

(𝑓−1)𝐷1∗𝑇

2
+

(𝑓−1)𝐷2∗𝑇

2
) ∗ ℎ0 (4.10) 

Restrictions:   𝑇0 ≤
𝑀

𝐷1+𝐷2
↔ 𝑓 ≤

𝑀

(𝐷1+𝐷2)𝑇
    (4.11) 

    𝑓 ∈ {1, 2, 3, … }      (4.12) 

Result:    𝑓∗ = max [min (√
2𝐾0

(𝐷1+𝐷2)𝑇2∗ℎ0
,

𝑀

(𝐷1+𝐷2)𝑇
) , 1]  (4.13) 

Figure 6: Inventory level at warehouse / hub. (Abdul-Jalbar et al., 2009) 
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4.5 Total costs suppliers 
The total costs for suppliers are calculated the same way as in earlier scenarios. 

Table 13: Total costs suppliers 

 

4.6 Total emissions 
Total emissions can be calculated using amount of orders per year between the hub and hospital, 

the amount of orders per year between the suppliers and hub, average inventory of the hospital and 

average inventory of the hub.  

Table 14: Total emissions 

 

4.7 Excel implementation 

  

Figure 7: Excel implementation hub 

The formulas discussed in this chapter have been implemented in an Excel tool calculate the optimal 

order cycle length and value for 𝑓. The two integers nearest to 𝑓 are both used to calculate the total 

costs for the hub. The lowest costs for each stakeholder are automatically highlighted in green. The 

formulas used for the Excel tool have been verified with the formulas mentioned in this chapter. The 

reorder points for each product are given on the right. These reorder points refer to the inventory 

level at which the hospital or hub should place a new order to account for lead time. This formula is 

given in chapter 2.3. 

Total costs per supplier 𝑗:   
𝐾𝑗

𝑇0
, with 𝑗 ∈ {𝐴, 𝐵}    (4.14) 

Transportation costs for supplier A: 𝐾𝐴 =
𝐷1

𝐷1+𝐷2
∗ 𝐾𝑠    (4.15) 

Transportation costs for supplier B: 𝐾𝐵 =
𝐷2

𝐷1+𝐷2
∗ 𝐾𝑠    (4.16) 

 

Total emissions:   𝑒 =  
𝐾𝑒𝑙𝑒𝑐

𝑇
+  

𝐾𝑒

𝑇0
 + (

ℎ1,𝑒

2
∗ 𝐷1 +

ℎ2,𝑒

2
∗ 𝐷2) ∗ 𝑇 

+ (
(𝑓−1)𝐷1∗𝑇

2
+

(𝑓−1)𝐷2∗𝑇

2
) ∗ ℎ0,𝑒  (4.16) 
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5 Conclusion 
This thesis present three mathematical models to calculate costs for each stakeholder in the 

mentioned scenarios. The scenarios differ in replenishment policies for the hospital. The goal of the 

thesis is to compare these scenarios and find the most optimal replenishment policy for the hospital. 

For each scenario, a mathematical framework had to be chosen to calculate the costs for that 

scenario. 

In the first scenario, the EOQ model was used to compute the optimal order quantity for each 

product. The EOQ model was used because the demand experienced by the hospital is deterministic 

and constant, this was assumed in chapter 2.1. The assumptions and parameters used for scenario 1 

are given in chapter 2.1 and 2.2. Chapter 2.3 gives the calculation for the optimal order quantity, 

subsequently, the costs for each stakeholder are calculated. The Excel implementation allows the 

hospital to easily change parameters and find the optimal order quantity for any situation. 

In the second scenario, the EOQ model was also used, however, instead of the optimal order 

quantity the optimal order cycle length was computed. The optimal order cycle length was then 

used to calculate the optimal order quantity. The optimal order cycle length was used, because both 

products need to have the same order cycle length for this replenishment policy. The assumptions 

that differ from scenario 1 have been mentioned separately, to allow the reader to easily see the 

differences. The optimal order cycle for individual replenishment is also calculated in this scenario, 

to easily compare individual replenishment and joint replenishment in one Excel implementation. 

This is showcased in chapter 3.6 where the Excel tool displays the costs of both individual 

replenishment and joint replenishment. Joint replenishment is a better alternative to individual 

replenishment due to the savings in order and transportation costs. When testing the Excel tool, 

both the suppliers and the hospital experienced lower costs in the joint replenishment scenario.  

The third scenario uses the EOQ model to calculate the optimal order cycle length for the hospital, 

subsequently, the order cycle length for the hub is calculated to minimize the costs of the hub. The 

total costs for the hub are not minimized optimally when using this mathematical model, however, 

since the hospital has the leading role in ordering the products the total costs for the hospital are 

optimized. The hub uses an order cycle length that is a multiple of the order cycle length for the 

hospital, in order to avoid backorders. The hub does not experience constant demand, therefore, 

the average inventory of the hub is calculated differently from other scenarios. For the hub, the 

number of orders from the hub to the hospital in one order cycle with length 𝑇0 is the decision 

parameter 𝑓. This is optimized by taking the derivative of the object function with respect to 𝑓. 

These formulas have been implemented in Excel and test the nearest two integers of 𝑓 to give the 

lowest total costs for the hub. 

The optimal replenishment policy depends on the input parameters for each scenario. Therefore, 

there is no optimal replenishment policy for every scenario. The thesis provides three Excel tools to 

compare replenishment policies, which can be used by the hospital to find the optimal policy for 

their specific input parameters. 
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6 Limitations 
This thesis mainly focuses on the costs experienced by each stakeholder, however, it does not take 

into account the revenue these stakeholders receive from their operations. Subsequently, the 

mathematical models do not factor in the profit stakeholders make in the calculations. Decision 

variables might be chosen in such a way that some stakeholders experience higher costs than 

revenue.   

The main assumption that runs throughout all scenarios is that the demand of products is constant 

and deterministic, however, this is rarely the case in reality. Including stochasticity in these models 

would make them significantly more complex. Furthermore, for each scenario only two suppliers are 

taken into account, whereas there may very well be more suppliers for the hospital. However, 

increasing the number of suppliers does not significantly increase the complexity of the 

mathematical models. Another assumption that was made is that suppliers are always able to satisfy 

the demand of the hospital, however, in reality suppliers do not have infinite supply. Therefore, the 

models discussed in this thesis could be extended to include constraints on the supply rate of the 

suppliers. 

The mathematical model of the third scenario assumes that the hub chooses an order cycle length 

that is a multiple of the order cycle length of the hospital. Due to this, the solution found with the 

mathematical model might not be the absolute optimal configuration. To calculate the optimal 

configuration that minimizes the total costs for the hub and the hospital combined a heuristic as 

discussed in a research paper by Abdul-Jalbar et al. in 2009 should be used. Furthermore, the costs 

of the hub are calculated separately, however, these costs are not divided between stakeholders in 

this thesis.  

It is assumed that the emissions from transport are fixed per delivery. However, emissions from 

transport rely on several factors, such as distance, terrain, truck characteristics, etc. These are not 

included in the mathematical models in this thesis. 

The products mentioned in this thesis come with packaging materials such as cardboard boxes or 

pallets. Closed-loop supply chain are supply chains where there is an upstream flow of packaging 

materials. The closed-loop supply chain concept is not discussed in this thesis.  
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7 Future Research 
The third scenario in this thesis that introduces a hub in the supply chain has many different 

variations, such as the hospital using an individual replenishment policy to transport items between 

the hub and hospital. Furthermore, the transportation between the suppliers and hub could be done 

individually for each product, as opposed to a joint replenishment policy. Some products might not 

have to be stored at the hub and are directly supplied to the hospital, this further complicates the 

model for this scenario. Future research could also look at how the costs for operating the hub are 

divided between stakeholders. 

It is assumed in this thesis that the products have the same weight and size, therefore, the maximum 

truckload for these products is the same. However, in reality the products might have a different size 

or weight which means the maximum truckload for each product will be different. Furthermore, the 

maximum truckload for joint replenishment will have to take into account the different sizes and 

weight. This could be included in future models for similar supply chain scenarios. 

Other research articles such as the article by Maddah et al. consider the joint replenishment 

problem with substitution. Future research could include this in the mathematical models, since 

some products could be used as substitutes. 

As mentioned in the Limitations section of this thesis, closed-loop supply chains include upstream 

flows of packaging materials. Future research could look at returning packaging materials when 

receiving an order, to reduce the amount of empty truck trips.  
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