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ABSTRACT

THE EFFECT OF LATERAL TRANSSHIPMENT POLICIES FOR  

MULTI-OBJECTIVE OPTIMIZATION AND SIMULATION MODELS IN 

SUPPLY CHAIN NETWORKS    

Bayram, Serkan 

MSc, Industrial Engineering 

Advisor: Assist. Prof. Gizem MULLAOĞLU  

November 2020 

Supply chain systems play a crucial role to meet customer demands on time, especially 

in competitive markets. Nowadays, these systems have to consider the environment as 

much as economical perspectives because of the increase in carbon emission 

awareness and possible future regulations. Therefore, in this thesis, we developed a 

multi-objective mixed-integer programming and simulation models while allowing 

lateral transshipment distribution strategy which provides product transportation 

within the echelons. Also, electric vehicles are considered in these models to give more 

opportunities to reduce carbon emissions. As a result of these models' computational 

studies, it has been observed that lateral transshipment could increase the efficiency of 

the supply chain. However, it has been noticed that when carbon emission is more 

superior to the total cost, less lateral transshipment occurs. Therefore, we can conclude 

that even though lateral transshipment provides efficiency in the total cost, it is less 

favorable when carbon emission is more important. Moreover, it has been observed 

that electric vehicles have a positive effect on total carbon emission and total cost as 

expected. Hence, electric vehicles can play a crucial role in the supply chain system if 

they can be integrated more in line with lateral transshipment policies.  

Key Words: lateral transshipment, multi-echelon supply chain, multi-objective mixed 

integer programming, simulation, carbon emission 
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ÖZ

YANAL AKTARMA POLİTİKALARININ TEDARİK ZİNCİRİ AĞLARI 

İÇİN ÇOK AMAÇLI EN İYİLEME VE BENZETİM MODELLERİNE 

ETKİSİ 

Bayram, Serkan 

Yüksek Lisans, Endüstri Mühendisliği 

Danışman: Dr. Öğr. Üyesi Gizem MULLAOĞLU 

Kasım 2020 

Tedarik zinciri sistemleri, özellikle rekabetçi pazarlarda, müşteri taleplerini zamanında 

karşılamada önemli bir rol oynamaktadır. Günümüzde, artan karbon emisyonu 

hassasiyeti nedeniyle bu sistemlerin karbon emisyonlarını da dikkate alması 

gerekmektedir. Bu nedenle, bu tezde, tedarik zincirinin esnekliğini attırmak için 

kademeler arasında ürün aktarımını sağlayan yanal aktarma dağıtım stratejisine olanak 

sağlayan ve karbon emisyonunu dikkate alan çok amaçlı tamsayı karışık doğrusal 

programlama ve benzetim modelleri geliştirilmiştir. Ayrıca, karbon emisyonunu 

azaltmaya yönelik daha fazla seçenek sunmak için bu modellerde elektrikli araç 

seçenekleri de dikkate alınmıştır. Bu modellerin sonuçlarına göre, yanal aktarma 

seçeneğinin, tedarik zincirinin verimliliğini arttırabileceği gözlemlenmiştir. Ancak, 

karbon emisyonunun öneminin daha baskın olduğu durumlarda, bu seçeneğin 

kullanımının azaldığı fark edilmiştir. Bu nedenle, yanal aktarma seçenekleri toplam 

maliyet açısından hala faydalı bir seçenektir, ancak karbon emisyonu daha önemli hale 

gelirken kullanımı azalmaktadır. Ayrıca, elektrikli araçların beklenildiği gibi toplam 

karbon emisyonu ve toplam maliyet üzerinde olumlu bir etkisi olduğu 

gözlemlenmiştir. Dolayısıyla elektrikli araçlar tedarik zinciri sisteminde yanal 

aktarmaya uyumlu olacak şekilde kullanılabilirse önemli bir rol oynayabilir. 

Anahtar Kelimeler: yanal aktarma, çok kademeli tedarik zinciri, çok amaçlı tamsayı 

karışık doğrusal programlama modeli, benzetim, karbon emisyonu 
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CHAPTER 1 

INTRODUCTION

Growing population of the world raises the demand and also increase in the number 

of suppliers fosters competition. This gives more importance to supply chain systems 

because companies must reach customer demands right on time to survive in the 

competitive market. Given that, supply chain and inventory-related costs constitute a 

large proportion of total costs. For instance, the ratio of logistics costs to the gross 

national product in the United States is approximately 8% (CSCMP, 2018). Hence, 

increased competition, globalization, and growth of the current market push 

companies to be more reactive over growing customer demands. Since, traditional 

design of a supply chain systems allow only product flows from one echelon to the 

next, lateral transshipment distribution strategy can give more opportunity to improve 

these systems’ performance because it allows product flow within the echelon 

(Paterson et al., 2011). On the other hand, while satisfying the customer demands and 

improving supply chain systems performance, systems are using more transportation 

flow. Thus, increasing transportation flows brings more vehicles on the roads which 

cause more carbon emission. This is one of the serious environmental problems 

nowadays. For instance, road freight transportation reached a transportation share of 

72% and released 93% of the CO2 emissions from surface freight transport in 

Germany (Hütter et al., 2013). As a result of this recent undesirable progress, many of 

the governments established regulations to reduce carbon emission and it forces 

companies to be more responsible for the environment. At this point, electric vehicles 

can help to reduce carbon emission amounts because it has been found that electric 

trucks can reduce carbon emission and applicable to as a road freight vehicle in the 

industry (Liimatainen et al.,2019). But the companies still have to tackle creating an 

effective supply chain and inventory management while caring environmental 

pollution to satisfy the customer demands. Therefore, the aim of the thesis is to provide 

insights about lateral transshipment policy effectiveness and electric vehicle usage 

impact in the supply chain network while considering carbon emission with the 
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common total cost structure including transportation, holding, and lost sales. Multi-

objective mixed-integer linear programming optimization models (MOMILP) and 

simulation models are developed to achieve this aim.  

The multi-objective mixed-integer linear programming optimization models are used 

when the demand is known by certainty. It may not be totally practical for some 

applications where certain demand information is not possible. Yet, there can be some 

other applications in which our proposed model may work quite well where 

uncertainty is not present most of the time. For instance, precious metals, tobacco 

products, and beer & liquor industries are examples where uncertainty is observed to 

be low (Dyer et. al, 2014). This model minimizes cost and carbon emission in a given 

multi-echelon supply chain network which contains lateral transshipment and multi-

sourcing options by considering lead times. 

The simulation models are employed for the uncertain demands. (s, S) policy is used 

to overcome demand uncertainty and satisfy demands in models.  

In both models, we present electric vehicles options besides gasoline vehicles to 

prevent more carbon emissions. Since electric vehicle development and battery 

technologies are improving, we can expect that they will play a crucial role in the 

supply chain transportation part in the future. 

The remainder of this thesis is organized as follows. Literature review over multi-

echelon inventory optimization, inventory policies, lateral transshipment, carbon 

emission sensitive supply chain systems, and electric vehicles are provided in Chapter 

2. In Chapter 3, problem definition and assumptions of the supply chain are described 

for MOMILP models. In Chapter 4, MOMILP models are constructed. The results of 

MOMILP models and comparison of MOMILP models are represented in Chapter 5. 

In Chapter 6, simulation models and algorithms are presented. The results of the 

simulation models and comparison of simulation models are represented in Chapter 7. 

Managerial insight is provided in Chapter 8. Finally, in Chapter 9 conclusion and 

future work are provided. 
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CHAPTER 2  

LITERATURE REVIEW 

The supply chain is a system that deals with flows of products based on customer 

demands. The generalized structure of the supply chain is a multi-echelon network 

structure which is usually composed of a supplier, distribution centers, and retailers. 

Inventory has a crucial role in the supply chain because the optimal stock level should 

be determined so that the customer demands can be satisfied right on time. Otherwise, 

unsatisfied demand occurs which may result in customer loss, especially for the 

competitive markets. Our research focus on multi-echelon supply chain networks and 

inventory management optimization. Furthermore, we consider lateral transshipment 

and electric vehicles to reduce carbon emissions. As a result, we intend to provide 

important studies in this section that shed light into our research. 

Initially, studies over traditional supply chain systems were provided. These systems 

are only allowed product flow between echelons. Therefore, transportation flows occur 

only from one echelon to the next, i.e. from manufacturers to distribution centers and 

from distribution centers to retailers. For instance, You and Grossman (2010) created 

a mixed-integer non-linear programming model for the chemical industry. The 

represented multi-echelon network consists of plants, distribution centers, and 

wholesalers. In the study, product distribution is allowed only between echelons. They 

proposed a decomposition algorithm based on Lagrangian relaxation and piecewise 

linear approximation to solve the model and their algorithm can obtain a global optimal 

solution or near optimum. Similarly, Keskin et al. (2010) proposed a solution to vendor 

selection and inventory replenishment decision problems. They used (Q, R) policy as 

an inventory replenishment policy. In this problem, their goal is to find the minimum 

total cost which includes transportation cost, holding cost, backorder cost, and 

procurement cost. They developed an MINLP model and solved it by metaheuristic 

powered simulation-optimization approach. Therefore, they determine optimum 

inventory levels and the selection of vendors to achieve their goal. They conclude that 

this approach can be useful in determining the best vendors and optimum inventory 
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levels. In another study, Amiri Aref et al. (2018) studied two-echelon supply chain 

networks. Their objective is to find the minimum cost in a location-inventory 

optimization problem. They applied (s, S) policy to deal with the demand uncertainty. 

They developed a mathematical model to achieve this goal and they solved the model 

by using the sample average approximation approach. According to their results, their 

modeling approach is can be useful to deal with practical cases efficiently and creates 

more powerful design solutions under uncertainty. 

So far, we described research over the ‘traditional’ design of supply chain systems 

which are hierarchical. Therefore, transportation flows occur only from one echelon 

to the next, i.e. from manufacturers to distribution centers and from distribution centers 

to retailers. To make these systems more flexible, some of the supply chain network 

systems allow lateral transshipment. Lateral transshipment allows the product flow 

within the echelon, i.e. between distribution centers or retailers (Paterson at al.). 

Therefore, our investigations over multi-echelon supply chain network with lateral 

transshipment include optimization models, analytical models, and simulation models 

as follows:  

Chartniyom et al. (2007) proposed a new lateral transshipment policy which is called 

service level adjustment (SLA).  SLA policy determines the amount of transshipment 

quantity by considering emergency lateral transshipment with preventive lateral 

transshipment. They used (Q, R) policy in retailer inventories. They applied their 

policy to a two-echelon supply chain which is composed of a supplier and retailers. 

According to their results, they found that SLA policy is better than other policies. In 

another study, Reddy et al. (2011) proposed a linear programming model to minimize 

the total cost in the two-stage supply chain network. The supply chain network is 

composed of one warehouse and three retailers. Lateral transshipment among retailers 

is allowed in the supply chain network. They applied the linear programming model 

to the confectionery industry. According to their experiment results, they get better 

results than the existing total cost results. Also, simulation optimization is used to find 

optimum lateral transshipment amounts. For instance, Yücesan et. al, (2012) proposed 

a solution to optimal multi-location transshipment problem by considering the base 

stock quantities. Their supply chain system is composed of one supplier and N distinct 

stocking locations. Their purpose is to minimize the total cost. They used simulation 
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optimization combined with an LP/network flow formulation and IPA (infinitesimal 

perturbation analysis) to reach their purpose. 

In another study, Vicente et al. (2015) presented a multi-echelon supply chain network 

that is composed of a central warehouse, regional warehouses retailers. The network 

allows lateral transshipment among warehouses and retailers. They used Mixed 

Integer Linear Programming (MILP) to optimize the multi-product flow among nodes. 

In this study, they compared continuous review, periodic review, and proposed an 

inventory management system. According to their model results, proposed inventory 

management gave the best result.  

Lateral transshipment studies are also connected to a new business model that is called 

Offline to Online. For instance, Zhao et al. (2015) tried to find an optimal policy for a 

new business model called Offline to Online (OTO) by checking the centralized OTO, 

decentralized OTO, and with/without lateral transshipment policy options. Their 

supply chain model is composed of one manufacturer, one retailer, and one e-store. 

Lateral transshipment is allowed between e-store and retailer in the model. According 

to their model results, they found that lateral transshipment can be always beneficial 

for the supply chain. In another study, Nakandala et al. (2017) investigated the lateral 

transshipment (LT) effect in the supermarket chain over perishable products. They 

used a periodic review policy in inventories. As a result of their research, 

implementing LT to the perishable inventory management increased the performance 

of inventory management. 

Lateral transshipment studies also link to Physical Internet (PI) phenomenon. For 

instance, Yang et al. (2017) compared the classical inventory models with PI (Physical 

Internet) which is an interconnected logistic system. Hence, PI allows multisourcing. 

Their network is composed of a plant, three hubs, and four retailers. They applied a 

simulation-based optimization modeling method to minimize the cost. The model uses 

(Q, R) policy to satisfy the uncertain demand. Therefore, it finds the optimal Q and R 

levels. As a result of this optimization model, they found that PI model is better than 

the classical inventory models. Similarly, Ekren et al. (2018) proposed a solution to PI 

based inventory control model in a multi-echelon supply chain. Their supply chain 

network is composed of one supplier, three distribution hubs, and two retailers. Each 

of them has an inventory. They used (s, S) policy on the inventory management side 

and they used lateral transshipment option among distribution hubs to minimize the 
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total cost. Their aim is to find optimum lateral transshipment policy and they tried to 

answer the question of “Is the lateral transshipment option beneficial for the supply 

chain?” question.  According to their experiment results, the lateral transshipment 

option more beneficial than without the lateral transshipment option. Also, dynamic 

programming approach is used to compare the lateral transshipment efficiency in 

supply chain management. For example, Meissner et al. (2018) tried to answer 

questions like “When to order?’’, “From which location?’’ and “How much to 

transport?”  with a multi-location inventory system under periodic review with a 

proactive lateral transshipment option. They developed a dynamic programming 

model to answer these questions and they found that the approximate dynamic 

programming policy more efficient compared to a no transshipment and other known 

heuristics. Moreover, Feng et al. (2018) studied emergency lateral transshipment 

(ELT) policy and preventive lateral transshipment (PLT) policy in a two-echelon 

supply chain network. The supply chain network is composed of one supplier and two-

retailer. According to their model results, they obtained more benefit with higher 

customer patience and lower backorder cost with ELT. Last but not least in LT 

research, Firoozi et al. (2020) tried to answer the multi-echelon inventory optimization 

under non-stationary demand. Their multi-echelon supply chain network is composed 

of suppliers, production distribution centers, distribution centers, and customer zone 

stages. Single sourcing, multi-sourcing, and with/ without lateral transshipment 

options compared in this study. They proposed a MILP model to optimize the network. 

They used the sample average approximation method to find a solution. According to 

model results, lateral transshipment and multi-sourcing options considerably useful to 

improve the supply chain performance. 

Because of the recent developments, supply chain models do not only focus on 

traditional objectives like cost or customer satisfaction but also considers the 

environmental impact. This is mainly because of global warming and its increasing 

negative effects. Therefore, governments established regulations over carbon 

emissions. As a result of environmental concerns and regulations, companies must be 

more sensitive to carbon emissions. Hence, our investigations over carbon sensitive 

supply chain network as follows: 

Soysal et al. (2014) studied the international beef logistics chain, which is operating in 

Nova Andradina, Mato Grosso do Sul, Brazil, and exporting beef to European Union. 
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The supply chain is composed of production regions, third-party logistics (3PL) firms, 

slaughterhouses, and export ports. In the represented network system, trucks are rented 

from a 3PL firm and there are two types of trucks old ones and new ones. New trucks 

are more efficient than old trucks. In this article, the aim is to minimize the total cost 

and total greenhouse gas emission in representing the supply chain by developed a 

multi-objective linear programming model. According to experiment results, they 

found that there is a trade-off between logistics cost and amount of CO2 emissions 

from transportation and decreasing fuel efficiency of trucks increase the logistics cost 

and CO2 emissions. Therefore, they conclude that the developed model can help as a 

decision support tool and it can improve the supply chain network in the aspect of 

greenhouse gas emission and total cost. Some studies also investigate carbon policies 

such as carbon emission tax, carbon cap, and carbon cap and trade. For instance, 

Hammami et al. (2015) developed a multi-echelon single product production-

inventory model under carbon emission policies. Carbon emission tax and carbon 

emission cap are used in the model as carbon emission policies. The article shows how 

carbon emissions are correlated to lead time, the inventory policy, and the multi-

echelon context. Similarly, Peng et al. (2016) proposed a one-stage supply chain 

network that is composed of factories and sales points. They developed a multi-

objective mixed-integer linear programming model to minimize total cost and carbon 

emission. According to their network, carbon emission is generated by factory 

allocation and product transportation. They applied carbon tax and carbon emission 

cap methodology to their model. They applied their model to a household electric 

appliance manufacturing industry in China. As a result of the experiment, they 

conclude that both of the methods incentivize a reduction of carbon emissions to the 

environment. Moreover, Manupati et al. (2018) developed a non-linear mixed-integer 

programming model over a multi-echelon supply chain. The proposed model has two 

objectives which are minimizing cost and minimizing CO2 emission. Thus, they 

investigated carbon tax, strict carbon capping, and carbon cap and trade policies. 

According to their experiment, they found that the carbon cap and trade policy is the 

most cost-effective one.  

Lateral transshipment and cap-and-trade policy relationship is investigated as well. For 

instance, Wang et al. (2019) studied a large transnational manufacturer in a global 

garment supply chain which is consisting of a manufacturer, retailers, and customers. 
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Two countries are involved in this supply chain and both of them have manufacturer, 

retailers, and customers as a part of the global garment supply chain. Lateral 

transshipment is allowed between these two countries manufacturer’s subsidiary and 

the retailer in the represented supply chain. For instance, the demand in country B has 

a sudden increase, transshipment from country A to country B is considered. Hence, 

they tried the find solution to manufacturing planning, transshipment, and carbon 

trading problem for the supply chain which is explained above. They developed 

mixed-integer linear programming to solve the problem and maximize the profit. As a 

result of the model solution, they conclude that transshipment among countries can 

improve the profit but for international emission reduction regulators, the transnational 

enterprise’s lateral transshipment with the purpose of utilizing the difference in carbon 

trading mechanisms should be suppressed because it may result in an increase in 

carbon emissions worldwide. 

According to our investigations over carbon sensitive supply chain, we observed that 

the main reason for carbon emission is road freight transportation (Stern, 2006). 

Therefore, we investigated electric vehicles to reduce carbon emissions and create an 

alternative to conventional vehicles. For instance, Feng and Figliozzi (2012) compared 

electric and conventional commercial fleets using the integer programming model. The 

model considers vehicle purchase cost, operating costs, maintenance costs, and salvage 

revenue. According to the proposed model results, they found that electric vehicles 

can be competitive. In another study, Lee et al. (2013) studied electric urban delivery 

trucks (EUDT) which have 3-ton payload capacity. They compared gasoline urban 

delivery trucks (GUDT) and EUDT.  According to the article, they conclude that 

EUDTs emit 32-61% less carbon emission than GUDT, and its 22% less total cost than 

GUDT. Similarly, Mareev et al. (2017) studied electric heavy-duty trucks (EHDT) for 

long-haul transportation. They compare gasoline and electric heavy trucks by 

considering the life cycle cost. According to research, EHDT is more beneficial in 

energy costs but EHDT is not beneficial in vehicle costs due to batteries and charging 

infrastructure. In the total life cycle cost aspect, both of them can perform at the same 

cost level. Therefore, they conclude that if the battery prices decrease EHDT could 

become a profitable option. Moreover, Liimatainen et al. (2019) examined the 

potential of the medium and heavy-duty electric trucks in Switzerland and Finland. 
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They found that electric trucks can reduce carbon emission and applicable as road 

freight vehicles in the industry. 

According to the research, our motivation is to find optimum product distribution and 

inventory levels under demand uncertainty and certainty while caring carbon 

emissions. In addition to this, we aim to investigate the usage of electric vehicles in 

the supply chain systems and their effects on carbon emission and total cost.
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CHAPTER 3 

THE ASSUMPTIONS OF THE SUPPLY CHAIN NETWORK 

3.1 Problem Definition and Assumptions  

Supply chain product flows can occur between echelons, i.e. product flow between 

supplier to distribution centers in the base model and hybrid model. In addition to the 

base and hybrid model, in the lateral transshipment model, product flows can occur 

within and between the echelon. Echelons can be feeding from the lower echelon 

and/or the same echelon (lateral transshipment) to satisfy the demand. Hence, the 

distribution of multi-products is provided by these transportation options.  

The demand amounts follow a normal distribution for each product, each retailer, and 

each time period. When the demands are not satisfied lost sales occur. The distribution 

centers and retailers have an inventory and they do not have any restrictions. 

Products are transported with two types of vehicles in the base model. The vehicle 

types are gasoline medium-duty vehicles (MDV) and gasoline heavy-duty vehicles 

(HDV). In addition to the base model, electric medium-duty vehicles and electric 

heavy-duty vehicles are given as an option in the hybrid model and the lateral 

transshipment model. Electric vehicles have limited distances and longer refilling 

times according to gasoline vehicles. In long distances, electric vehicles' lead times are 

more than gasoline vehicles but transportation costs and carbon emissions less than 

gasoline vehicles. The models can use both of them to meet customer demands right 

on time. According to the research, our motivation is to find optimum product 

distribution and inventory levels under demand uncertainty and certainty while caring 

carbon emissions. In addition to this, we aim to investigate the usage of electric 

vehicles in the supply chain systems and their effects on carbon emission and total 

cost.  
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Figure 3.1. Supply Chain Network 

In the supply chain, there are several costs which are transportation, order, lost sale, 

and inventory holding cost and it considers the carbon emissions as well.  

The aim of this thesis is to minimize the total cost and total carbon emission under 

different scenarios which are named as base model, hybrid model, and lateral 

transshipment model. Therefore, we will be able to compare the scenarios and have an 

insight over this type of supply chain network problems.  

We divided the problem into two separate parts which are under demand certainty and 

uncertainty. For demand certainty, we developed a multi-objective mixed-integer 

linear programming model for each scenario, and we determine the order quantities 

and vehicle types that are used to send products while minimizing the total cost and 

total carbon emission according to specified assumptions. 

The assumptions of problem for MOMILP model as follows: 

o Transportation costs are known between all nodes. 

o Lead times are deterministic and known between all nodes. 

o Distribution centers (DC) and retailers hold inventory. 

o Initial inventory levels of distribution centers and retailers are known. 

o Unitary holding costs of DC and retailer inventories are known. 

o Order costs are known for supplier, distribution centers and retailers. 

o When product flows occur between nodes order cost occurs for each vehicle 

used.  

o Retailer order cost occurs when a vehicle travels between retailers. 
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o Distribution center order cost occurs when the product flow occurs from DC 

to retailer (R) or between DC. 

o Supplier order cost occurs when the product flow occurs from supplier to DC. 

o 12 planning time horizons are taking into account. 

o Customer demands for each product in all time periods are known and the 

amounts are assumed to follow normal distribution with a given mean and 

standard deviation. 

o Four types of a vehicle exist in the supply chain which are heavy duty vehicle 

(HDV) and medium duty vehicle (MDV) and each of them has electric and 

gasoline version.   

o The carbon emissions are known for electric vehicles and gasoline vehicles for 

per kg CO2 (e)/kg*km. 

o Unit product weight is equal to 200kg for each product type.  

o The carbon emission of electric vehicle is 50% less than gasoline vehicle. 

o Electric HDVs’ and gasoline HDVs’ transportation cost per unit are the same.  

o Gasoline MDVs’ transportation cost per unit is 50% less than HDVs. Electric 

MDVs’ transportation cost per unit is 20% less than gasoline MDVs. 

For demand uncertainty, we developed simulation models for each scenario, and the 

assumptions of the problem for simulation models contain all MOMILP model 

assumptions.  

The MOMILP models and simulation models are particularly explained in Chapter 4 

and Chapter 6, respectively.     

3.2 Experiment Data and Parameters 

In this work, the supply chain network is composed of a supplier, three distribution 

centers, and four retailers as illustrated in Figure 3.1. Three types of products are 

considered. The time horizon is composed of twelve time periods. Distribution centers 

and retailers hold inventory. HDVs have 120 SKU capacities and MDVs have 20 SKU 

capacities. Demands are come to retailers according to a normal distribution with 

parameters as shown in Table 3.1.  

In this experiment, we consider three scenarios which are base model, hybrid model, 

lateral transshipment model. All parameters of the supply chain model are given in 
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Table 3.1 to 3.11. Data are taken from the research of Vicente et al. (2015) except 

carbon emission data. Carbon emission data are based on the research of ECTA (2011), 

ADEME (2010) and DEFRA (2012).  

Table 3.1. Customer Demands 

 Average Demand Standard Deviation 

  Product1 Product2 Product3 Product1 Product2 Product3 

Retailer1 12 8 4 4 4 2 

Retailer2 11 7 4 4 4 3 

Retailer3 10 6 4 6 3 1 

Retailer4 9 5 5 3 3 1 

Table 3.2. Holding Cost, Order Cost and Lost Sale Cost 

Holding cost for distribution centers  0,2 

Holding cost for retailers  0,6 

Order cost 50 

Lost sale cost  300 

Table 3.3. Transportation Cost Nodes for Gasoline and Electric Heavy-Duty Vehicle 
 

DC1 DC2 DC3 R1 R2 R3 R4 

Supplier 1.3 0.84 1 - - - - 

DC1 - 0.4 1 0.44 1.4 0.8 0.5 

DC2 0.4 - 0.8 1.36 1.04 0.68 0.2 

DC3 1 0.8 - 1.9 0.2 0.64 0.76 

R1 - - - - 0.4 0.8 0.7 

R2 - - - 0.4 - 0.3 0.8 

R3 - - - 0.8 0.3 - 0.36 

R4 - - - 0.7 0.8 0.36 - 
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Table 3.4. Transportation Cost between Nodes for Gasoline Medium Duty Vehicle 
 

DC1 DC2 DC3 R1 R2 R3 R4 

Supplier 0.65 0.42 0.5 - - - - 

DC1 - 0.2 0.5 0.22 0.7 0.4 0.25 

DC2 0.2 - 0.4 0.68 0.52 0.34 0.1 

DC3 0.5 0.4 - 0.95 0.1 0.32 0.38 

R1 - - - - 0.2 0.4 0.35 

R2 - - - 0.2 - 0.15 0.4 

R3 - - - 0.4 0.15 - 0.18 

R4 - - - 0.35 0.4 0.18 - 

Table 3.5. Transportation Cost between Nodes for Electric Medium Duty Vehicle 
 

DC1 DC2 DC3 R1 R2 R3 R4 

Supplier 0.6 0.336 0.4 - - - - 

DC1 - 0.16 0.4 0.176 0.56 0.32 0.2 

DC2 0.16 - 0.32 0.544 0.416 0.272 0.08 

DC3 0.4 0.32 - 0.76 0.08 0.256 0.304 

R1 - - - - 0.16 0.32 0.28 

R2 - - - 0.16 - 0.12 0.32 

R3 - - - 0.32 0.12 - 0.144 

R4 - - - 0.28 0.32 0.144 - 

Table 3.6. Distance between Nodes  
 

DC1 DC2 DC3 R1 R2 R3 R4 

Supplier 900 1000 950 - - - - 

DC1 - 310 290 350 400 300 500 

DC2 310 - 300 600 700 350 300 

DC3 290 300 - 900 400 600 650 

R1 - - - - 330 280 290 

R2 - - - 330 - 350 310 

R3 - - - 280 350 - 320 

R4 - - - 290 310 320 - 
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Table 3.7. Lead Times between Nodes for Gasoline HDV 
 

DC1 DC2 DC3 R1 R2 R3 R4 

Supplier 2 1 2 - - - - 

DC1 - 1 1 1 2 1 2 

DC2 1 - 1 2 2 1 1 

DC3 1 1 - 3 1 2 2 

R1 - - - - 1 1 1 

R2 - - - 1 - 1 1 

R3 - - - 1 1 - 1 

R4 - - - 1 1 1 - 

Table 3.8. Lead Times between Nodes for Electric HDV 
 

DC1 DC2 DC3 R1 R2 R3 R4 

Supplier 3 3 3 - - - - 

DC1 - 1 1 1 3 1 3 

DC2 1 - 1 3 3 1 1 

DC3 1 1 - 5 1 3 3 

R1 - - - - 1 1 1 

R2 - - - 1 - 1 1 

R3 - - - 1 1 - 1 

R4 - - - 1 1 1 - 

Table 3.9. Lead Times between Nodes for Gasoline MDV 
 

DC1 DC2 DC3 R1 R2 R3 R4 

Supplier 2 1 2 - - - - 

DC1 - 1 1 1 2 1 2 

DC2 1 - 1 2 2 1 1 

DC3 1 1 - 3 1 2 2 

R1 - - - - 1 1 1 

R2 - - - 1 - 1 1 

R3 - - - 1 1 - 1 

R4 - - - 1 1 1 - 
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Table 3.10. Lead Times between Nodes for Electric MDV 
 

DC1 DC2 DC3 R1 R2 R3 R4 

Supplier 3 2 3 - - - - 

DC1 - 1 1 1 3 1 3 

DC2 1 - 1 3 3 1 1 

DC3 1 1 - 4 1 3 3 

R1 - - - - 1 1 1 

R2 - - - 1 - 1 1 

R3 - - - 1 1 - 1 

R4 - - - 1 1 1 - 

Table 3.11. Carbon Emission Factor of Vehicle Types  

Gasoline HDV Electric HDV Gasoline MDV Electric MDV 

2.6 1.3 2.6 1.3 
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CHAPTER 4 

OPTIMIZATION MODELS 

In this section, three different optimization models are proposed which are the base 

model, hybrid model, and lateral transshipment model. All models contain multi-

product, multi-sourcing policy, lead time, and carbon emissions sensitivity.  

All sets, indices, parameters, and variables used in these models’ formulations are 

listed as follows: 

Sets 

p ∈ P : Products 

i ∈ I : Suppliers 

j ∈ J : Distribution centers  

k ∈ K : Retailers  

t ∈ T : Time periods 

v ∈ V : Vehicle types 

 Parameters 

Dp,k,t = Demand of product p ∈ P  from retailer k ∈ K at the period t ∈ T 

Hj = Holding cost at DC j ∈ J 

HRk = Holding cost at Retailer k ∈ K 

Oi = Order cost from Supplier i ∈ I  

OCj = Order cost from DC j ∈ J  

TRv,j,k = Transportation cost from DC j ∈ J to retailer k ∈ K with vehicle v ∈ V 

TDCv,i,j = Transportation cost from supplier i ∈ I to DC j ∈ J with vehicle v ∈ V 

MaxCapv = Maximum load capacity of vehicle v ∈ V 
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ILp,j = Initial inventory level of product p ∈ P  at DC j ∈ J 

IniRp,k =  Initial inventory of product p ∈ P at retailer k ∈ K  

LSCk = Lost sale cost at retailer k ∈ K  

LTDCv,i,j = Lead Time from supplier i ∈ I to DC j ∈ J with vehicle v ∈ V 

LTRv,j,k = Lead Time from DC j ∈ J to retailer k ∈ K with vehicle v ∈ V 

DDisj,k = Distance from DC j ∈ J to retailer k ∈ K  

DSDisi,j = Distance from supplier i ∈ I to DC j ∈ J  

Ev = Empty vehicle v ∈ V fuel consumption amount per km 

Difv = Difference between empty and full load v ∈ V fuel consumption amount per km  

CEv = Carbon emission factor of vehicle v ∈ V  

 Decision Variables 

SQv,p,i,j,t = Shipping quantity of product p ∈ P from supplier i ∈ I to DC j ∈ J with 

vehicle v ∈ V at the beginning of period t ∈ T

SQRv,p,j,k,t = Shipping quantity of product p ∈ P from DC j ∈ J to retailer k ∈ K with 

vehicle v ∈ V at the beginning of period t ∈ T 

Ip,j,t = Inventory level of product p ∈ P  at  DC j ∈ J at the end of period t ∈ T 

IRp,k,t = Inventory level product p ∈ P  at  Retailer k ∈ K at the end of period t ∈ T 

LSp,k,t = Number of lost sale product p ∈ P  at retailer k ∈ K at the end of period t ∈ T 

Vbv,i,j,t = Number of vehicles from type v ∈ V going from Supplier i ∈ I to DC j ∈

J at  period t ∈ T 

VDbv,j,k,t = Number of vehicles from type v ∈ V going from DC j ∈

J to Retailer k ∈ K at period t ∈ T  

LFv,i,j,t =Load factor of vehicle v ∈ V going from Supplier i ∈ I to DC j ∈

J at  period t ∈ T 

LFRv,j,k,t=Load factor of vehicle v ∈ V going from DC j ∈ J to Retailer k ∈

K at period t ∈ T  
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4.1 Base Model  

The base model represents the multi-echelon supply chain by considering lead time. 

The aim of this model is to find the optimal order quantities and inventory levels while 

minimizing the total cost and carbon emission by using weighted sum method for both 

objectives. The weighted sum method scales the set of objectives into a single 

objective by multiplying each objective with a user-specified weight. The weight of 

an objective is chosen in proportion to the relative importance of the objective. 

Therefore, objective function of the model is as follows: 

Objective Function = β ∗ TC + (1 − β) ∗ TCE  

where β is the coefficient of total cost, TC is total cost and TCE is total carbon 

emission. 

minimize TC = ∑ ∑ ∑ ∑ ∑ TDCv,i,j 

t ∈ Tj ∈ Ji ∈I

×  SQv,p,i,j,t

p ∈Pv ∈V

+  ∑ ∑ ∑ ∑ ∑ TRv,j,k 

t ∈ Tk ∈ Kj ∈J

 ×  SQRv,p,j,k,t

p ∈Pv ∈V

+  ∑ ∑ ∑ Hj  ×  Ip,j,t

t ∈Tj ∈Jp ∈P

+ ∑ ∑ ∑ HRk  ×  IRp,k,t

t ∈Tk ∈Kp ∈P

+  ∑ ∑ ∑ ∑ OCj

t ∈ T

 ×  VDbv,j,k,t 

k ∈ Kj ∈ Jv ∈ V

+ ∑ ∑ ∑ ∑ Oi

t ∈ T

 ×  Vbv,i,j,t

 j∈ Ji ∈ Iv ∈ V

+  ∑ ∑ ∑ LSp,k,t

t∈Tk∈K

 ×  LSCk

p ∈P

(1) 

The first and second expressions of the objective function (1) are transportation costs 

according to shipping quantities from suppliers to distribution centers and distribution 

centers to retailers. The third and fourth expressions represent the inventory holding 

costs of distribution centers and retailers. The fifth and sixth terms express the order 

costs of distribution centers and the supplier. Lastly, the eighth term represents the lost 

sale costs. 

minimize TCE =  ∑ ∑ ∑ ∑(Vbv,i,j,t × Ev + LFv,i,j,t × Difv)   ×  DSDisi,j

t ∈ Tj ∈ Ji ∈I

× CEv

 v∈V

+  ∑ ∑ ∑ ∑(VDbv,j,k,t × Ev +  LFRv,j,k,t × Difv) × DDisj,k 

t ∈ Tk ∈ Kj ∈Jv∈V

× CEv   (2) 
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The expressions of the objective function (2) represent the total carbon emissions 

respect to the distance between two nodes, vehicle usage and load factor. For instance, 

when the vehicle goes from supplier to distribution center carbon emission occurs 

according to the distance between the nodes and payload amount because carbon 

emission is not constant, it may change according to payload amount and distance. 

Total carbon emission calculated by total number of vehicles used times unloaded 

vehicle fuel consumption plus load factor (i.e., shipment amount dividing by payload 

capacity) times difference between fully load and unload vehicle fuel consumption 

times distance and carbon emission factor (kg CO2(e) per liter fuel). (ADEME, 2010; 

DEFRA, 2012b).  

Constraints 

Ip,j,t = ILp,j + ∑ ∑ SQv,p,i,j,t−LTDCv,i,j

i ∈ Iv∈ V

 −  ∑ ∑ SQRv,p,j,k,t

k ∈Kv ∈ V

           ∀p ∈ P, ∀j ∈ J,

t = 1      (2) 

Ip,j,t = Ip,j,t−1 +  ∑ ∑ SQv,p,i,j,t−LTDCv,i,j

i ∈ Iv∈ V

− ∑ ∑ SQRv,p,j,k,t

k ∈Kv ∈ V

     ∀p ∈ P, ∀j ∈ J,

t ∈ T \ {1}       (3) 

The distribution center’s inventories constraints (2) and (3) show the inventory levels 

at the end of the period by calculating input and output flows considering the lead time. 

Input flows are shipment amounts from the supplier to distribution centers and the 

previous inventory. Output flows are shipment amounts from the distribution center to 

retailers. The difference of constraint (2) is initial inventory levels because inventories 

have an initial inventory level at time t equals to 1. 

IRp,k,t = IniRp,k +  ∑ ∑ SQRv,p,j,k,t−LTRv,j,k

j ∈ Jv ∈ V

−  Dp,k,t + LSp,k,t     ∀p ∈ P, ∀j ∈ J,

t = 1 (4)  

IRp,k,t = IRp,k,t−1 +  ∑ ∑ SQRv,p,j,k,t−LTRv,j,k

j ∈ Jv ∈ V

−  Dp,k,t +  LSp,k,t     ∀p ∈ P, ∀j ∈ J,

t ∈ T \T{1} (5) 

The retailer’s inventories constraints (4) and (5) show the inventory levels at the end 

of the period by calculating input and output flows considering the lead time. Input 

flows are shipment amounts from distribution centers to retailers and the previous 
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inventory. Output flows are customer demands and lost sale amounts. The difference 

of constraint (4) is initial inventory levels because inventories have an initial inventory 

level at time t equals to 1. 

∑ SQv,p,i,j,t

p∈ P

  MaxCapv ∗ Vbv,i,j,t ,   v ∈ V, ∀i ∈ I, ∀j ∈ J, ∀t ∈ T (6) 

∑ SQRv,p,j,k,t

p∈ P

  MaxCapv ∗ VDbv,j,k,t  v ∈ V, ∀j ∈ DC, ∀k ∈ K, ∀t ∈ T (7) 

Vehicle maximum transportation capacity is provided by constraint (6) and (7) for 

each vehicle. The constraints (6) and (7) trigger the order cost of supplier and 

distribution centers when the vehicle flows occurred. 

LFv,i,j,t = ∑ SQv,p,i,j,t

p ∈ P

/ Capv           ∀v ∈ V, ∀i ∈ I, , ∀j ∈ J, ∀t ∈ T (8) 

LFRv,j,k,t = ∑ SQRv,p,j,k,t

p ∈ P

/ Capv           ∀v ∈ V, ∀j ∈ J, ∀k ∈ K, ∀t ∈ T (9) 

Payload portions are provided by constraint (8) and (9). Therefore, the model will be 

able to calculate the carbon emission amount according to the payload amount.  

SQv,p,i,j,t , SQRv,p,j,k,t , VDbv,j,k,t , Vbv,i,j,t, Ip,j,t , IRp,k,t, LSp,k,t   0, for all indices. (10) 

The constraint (10) is non-negativity constraints on the values of variables.

4.2 Hybrid (Electric and Gasoline Engine Vehicle) Model  

The hybrid model differs from the base model by additional vehicle types. In this 

model, the supply chain has four types of vehicles which are gasoline engine heavy-

duty vehicle, gasoline engine medium-duty vehicle, electric engine heavy-duty 

vehicle, and electric engine medium-duty vehicle. Electric vehicles give less 

transportation cost and less carbon emission opportunities, but these vehicles have 

limited distance and their charging times increase the lead time. Therefore, the supply 

chain is considering the gasoline engine vehicles option as well to avoid more lost sale 

costs. We extend vehicle type sets to add these vehicle options into the model. 

Therefore, all the parameters and decision variables that contain vehicle indices are 

changed with the new extended vehicle types set. 
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The hybrid model is composed of the objective function (1), (2) and constraints (3), 

(4), (5), (6), (7), (8), (9) and (10) with the replacement of extended parameters and 

decision variables. 

4.3 Lateral Transshipment Model 

In this model, the supply chain model allows lateral transshipment among distribution 

centers and retailers. To apply this option, we add order cost of retailers, transshipment 

cost and lead time parameters among distribution centers and retailers which are as 

follows: 

TSDCv,j,m = Transshipment cost form DC j ∈ J to DC m ∈ J, j ≠ m  with vehicle v ∈

V 

TSRv,k,l = Transshipment cost form retailer k ∈ K to retailer l ∈ K, k ≠ l  with vehicle 

v ∈ V 

LTLDCv,j,m = Lead Time from DC j ∈ J to DC j ∈ J , j ≠ m with vehicle v ∈ V 

LTLRv,k,l = Lead Time from retailer k ∈ K to retailer l ∈ L , k ≠ l with vehicle v ∈ V 

OCRk = Order cost from Retailer k ∈ K  

DDisLRk,l = Distance from retailer k ∈ K to retailer l ∈ K  

DSDisLDj,m = Distance from DC j ∈ J to DC m ∈ J  

We also add variables to represent shipment amounts among the same echelons, we 

add variables to check order cost of within echelons and we add load factor variables. 

SQDLv,p,j,m,t = Shipping quantity of product p ∈ P from DC j ∈ J to DC m ∈ J with 

vehicle v ∈ V at the beginning of period t ∈ T, j ≠ m   

SQRLv,p,k,l,t = Shipping quantity of product p ∈ P from Retailer k ∈ K to Retailer l ∈

K with vehicle v ∈ V  at the end of period    t ∈ T, j ≠ m   

VDLbv,j,m,t= Number of vehicles from type v ∈ V going from DC j ∈ J to DC m ∈

J , m  j, at period t ∈ T 

VRLbv,k,l,t=Number of vehicles from type v ∈ V going from Retailer k ∈

K to Retailer l ∈ K, k  l, at  period t ∈ T    

LFRLv,j,k,t = Load factor of vehicle v ∈ V going from Retailer k ∈ K to Retailer l ∈

K, k  l, at  period t ∈ T 
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LFDLv,j,k,t = Load factor of vehicle v ∈ V going from DC j ∈ J to DC m ∈ J , m  j,

at period t ∈ T 

According to the lateral transshipment option objective function (1) and (2) are 

changed. We added transshipment cost (1.1) and order cost of within echelons (1.2) to 

the objective function (1) and carbon emission amount according to lateral 

transshipment (2.1) to objective function (2). All these changes in objective functions 

are shown below: 

 ∑ ∑ ∑ ∑ ∑ TSRv,k,l 

t ∈ Tl ∈ Kk ∈ K

×  SQRLv,p,k,l,t

p ∈Pv ∈V

+  ∑ ∑ ∑ ∑ ∑ TSDCv,j,m 

t ∈ Tm ∈ Jj ∈J

×  SQDLv,p,j,m,t

p ∈Pv ∈V

 (1.1) 

∑ ∑ ∑ ∑ OCRk

t ∈ T

 ×  VRLbv,k,l,t

 l ∈ Kk ∈ K

+

v ∈V

∑ ∑ ∑ ∑ OCj

t ∈ T

 ×  VDLbv,j,m,t

j ∈ Jm ∈ Jv ∈V

 (1.2) 

 ∑ ∑ ∑ ∑(VDLbv,j,m,t × Ev +  LFDLv,j,m,t × Difv) × DDisLDj,m 

t ∈ Tk ∈ Kj ∈J

× CEv

v∈V

+  ∑ ∑ ∑ ∑(VRLbv,k,l,t × Ev

t ∈ Tk ∈ Kj ∈Jv∈V

+  LFRLv,k,l,t × Difv) × DDisLRk,l × CEv (2.1) 

Constraints (2), (3), (4) and (5) are changed as well.  

Ip,j,t = ILp,j +  ∑ ∑ SQv,p,i,j,t−LTDCv,i,j

i ∈ Iv∈ V

+ ∑ ∑ SQDLv,p,m,j,t−LTDLv,m,j

m ∈J  j  mv ∈V 

−  ∑ ∑ SQDLv,p,j,m,t

m∈J  j  mv ∈ V 

 −  ∑ ∑ SQRv,p,j,k,t

k ∈Kv ∈ V

 ∀p ∈ P, ∀j ∈ J,

t = 1      (2) 

          

Ip,j,t = Ip,j,t−1 + ∑ ∑ SQv,p,i,j,t−LTDCv,i,j

i ∈ Iv∈ V

+  ∑ ∑ SQDLv,p,m,j,t−LTDLv,m,j

m ∈J  j  mv ∈V 

−  ∑ ∑ SQDLv,p,j,m,t

m∈J  j  mv ∈ V 

 −  ∑ ∑ SQRv,p,j,k,t

k ∈Kv ∈ V

 ∀p ∈ P, ∀j ∈ J,

t ∈ T \ {1}       (3) 
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In constraints (2) and (3), shipment amounts among distribution centers are added to 

input flows and output flows to provide proper inventory balancing constraints. For 

instance, when distribution center 1 sent products to distribution center 2, this is an 

output flow for distribution center 1 inventory, or when distribution center 2 sent 

product to distribution center 1, this is an input flow for distribution center 1 inventory. 

Therefore, adding SQDLv,p,m,j,t−LTDLv,m,j
 and subtracting SQDLv,p,j,m,t to represent 

these scenarios. The new constraints are shown in the above. 

IRp,k,t = IniRp,k +  ∑ ∑ SQRv,p,j,k,t−LTRv,j,k

j ∈ Jv ∈ V

+  ∑ ∑ SQRLv,p,l,k,t−LTRLv,l,k

l ∈K  k  lv ∈V

 

−  ∑ ∑ SQRLv,p,k,l,t

l∈K  k  lv∈V 

−  Dp,k,t + Bp,k,t            ∀p ∈ P, ∀j ∈ J,

t = 1      (4) 

IRp,k,t = IRp,k,t−1 +  ∑ ∑ SQRv,p,j,k,t−LTRv,j,k

j ∈ Jv ∈ V

+ ∑ ∑ SQRLv,p,l,k,t−LTRLv,l,k

l ∈K  k  lv ∈V

 −  ∑ ∑ SQRLv,p,k,l,t

l∈K  k  lv∈V 

− Dp,k,t +  Bp,k,t     ∀p ∈ P, ∀j ∈ J, t ∈ T \T{1}    (5) 

Same as in inventory balancing constraints (2) and (3), shipment amounts among 

retailers added to input flows and output flows to provide a proper inventory balancing 

constraint in constraint (4) and (5). Hence, the new constraints are shown in the above. 

Vehicle maximum transportation capacity is provided by constraint (11) and (12) for 

each vehicle. 

∑ SQDLv,p,m,j,t

p∈ P

  MaxCapv  ∗ VDLbv,j,m,t   ,

∀v ∈ V, ∀m ∈ J, ∀j ∈ J, ∀t ∈ T, m j (11)    

∑ SQRLv,p,k,l,t

p∈ P

    MaxCapv ∗  VRLbv,k,l,t ,

∀v ∈ V, ∀k ∈ K, ∀l ∈ K, ∀t ∈ T, k l (12) 

The constraint (11) triggers the order cost of distribution centers when the vehicle 

flows occurred between distribution centers (DC). For instance, vehicle flows from 

DC 1 to DC 2. Similarly, to constraint (11), constraint (12) triggers the order cost of 
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retailers when the vehicle flows occurred between retailers. For instance, vehicle flows 

from retailer 1 to retailer 2. 

LFRLv,k,l,t = ∑ SQRLv,p,k,l,t

p ∈ P

/ Capv           ∀v ∈ V, ∀k ∈ K, ∀l ∈ K, ∀t ∈ T (13) 

LFDLv,j,m,t = ∑ SQDLv,p,j,m,t

p ∈ P

/ Capv           ∀v ∈ V, ∀j ∈ J, ∀m ∈ J, ∀t ∈ T (14) 

Payload portions within echelons are provided by constraint (13) and (14). Therefore, 

the model will be able to calculate the carbon emission amount according to payload 

amount.  

The lateral transshipment model is composed of the objective function (1), (2) and 

constraints (3), (4), (5), (6), (7), (8), (9), (10), (11), (12), (13) and (14).  
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CHAPTER 5 

 EXPERIMENTAL RESULTS OF OPTIMIZATION MODELS 

Base model, hybrid model, and lateral transshipment model results are given in this 

section. Problems are solved in a 64-bit operating system with an Intel CORE i5 CPU 

2.9 GHz processor and 8 GB RAM. To optimize the model IBM ILOG Cplex 

Optimization Studio 12.10 is used. Computational statistics are given in Table 5.1. The 

weighted sum method is used to handle multi-objective optimization. Therefore, we 

define  as the weight of total cost and we choose three different  levels which are 

0.9, 0.5, and 0.1. These weights are chosen to reflect different importance levels to 

each objective function. For instance, when  is equal to 0.9 total cost is more 

important than carbon emission; whereas when  is equal to 0.1, the relation is 

reversed.  

Table 5.1. Computational Statistics of Models 

   Gap Time Variables 

Lateral 

Transshipment 

Model 

0.9 3.49% 14176.7 sec. 9996 

0.5 1.73% 14187.5 sec. 9996 

0.1 0% 4021.8 sec 9996 

Hybrid 

Model 

0.9 0% 1472.4 sec. 3996 

0.5 0% 710.1 sec. 3996 

0.1 0% 170.5 sec. 3996 

Base 

Model 

0.9 0% 485.1 sec 2196 

0.5 0% 383.9 sec 2196 

0.1 0% 2562.1 sec. 2196 

5.1 Base Model 

In the base model, we only consider gasoline engine heavy-duty vehicle (HDV) and 

gasoline engine medium-duty vehicle (MDV) as vehicle types. Also, we only consider 

the multi-sourcing option as a distribution strategy. All the results of this base model 

experiment are given in Table 5.2. 
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Table 5.2. Base Model Results 

  Level 

0.9 0.5 0.1 

Total Carbon Emission 9553,7 8373,95 8227,48333 

Supplier to DC Transportation Cost  708,52 778,88 812,38 

DC to Retailer Transportation Cost  358,44 457,56 595,96 

Total Transportation 1066,96 1236,44 1408,34 

Holding DC In. Cost  23,6 55,4 72,6 

Holding R In. Cost  688,2 985,8 935,4 

Total Holding 711,8 1041,2 1008 

Order S to DC Cost 350 300 300 

Order DC to Retailer Cost  700 600 600 

Total Order Cost 1050 900 900 

Lost Sale Cost  0 0 300 

Total Cost  2828,76 3177,64 3316,34 

 

According to Table 5.2, we see that when the  level decreases, the total cost increases 

and total carbon emissions decreases as expected. 

As shown in Figure 5.1, when the  level decreases, the order cost decreases. The 

model tries to use fewer vehicles to avoid more carbon emission due to the increasing 

total carbon emissions coefficient.  

 

Figure 5.1. Base Model - Order Cost vs.  level 
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When the  level decreases, HDV’s usage decreases as well because HDV has more 

carbon emission when shipment amounts are small. HDV has the highest value 

because it has more capacity than MDV. Hence, the model chose them because of their 

capacity. Also, they cause less order cost when the shipment amounts massive.  

In total holding cost, when the  level decreases, holding cost increases because the 

model tries to use fewer vehicles. As a result of this choice, the model is sending large 

number of products to avoid loss sales and it increases the holding cost. However, 

when the level is equal to 0.1, the model uses more MDV and this choice decreases 

the holding cost because MDV has less lead times between some nodes according to 

HDV. 

 

Figure 5.2. Base Model - Holding Cost vs.  level 

As a result of total transportation cost values, when the  level decreases total 

transportation cost increases. When we look at the Figure 5.3, we can see that total 

order quantities almost equal at each  level and we can understand that when the  

level decreases the model generally chooses to use a path that has less distance because 

of carbon emission. However, these paths mostly have more unit transportation cost 

because of the road fees. 

 

7
1

1
,8

1
0

4
1

,2

1
0

0
8

0 , 9 0 , 5 0 , 1

H
O

LD
IN

G
 C

O
ST

 LEVEL



 

29 
 

 

Figure 5.3. Base Model - Shipment Amounts between Nodes vs.  level 

 

Figure 5.4. Base Model - Transportation Cost for Different Vehicle Types vs.  level 

HDV’s and MDV’s transportation cost increases when the  coefficient decreases 

because the model becomes more sensitive to carbon emission.  

As we can see in Figure 5.5, when the total cost coefficient  decreases, the model 

chooses to send products with MDV because it more beneficial for small shipment 

amounts. The model sends more products with HDV because it has eight times more 

capacity than MDV. Therefore, it becomes more beneficial costly. Also, when the 

shipment amount is large, it becomes more beneficial in the aspect of carbon emission. 
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Figure 5.5. Base Model - Shipment Amounts vs. Vehicle Type 

 

5.2 Hybrid Model 

In the hybrid model, we use four different types of vehicles to reduce carbon 

emissions. Vehicle types are electric HDV, gasoline HDV, electric MDV and gasoline 

MDV. Electric engine vehicles have less transportation costs, and less carbon 

emissions in their life cycle, but they have limited distance and relatively long charging 

times. According to their limited distance and long charging times, electric vehicles 

have more lead time in long distances.  

All the results of this hybrid model experiment are given in Table 5.3. 

Table 5.3. Hybrid Model Results 

  Level 

0.9 0.5 0.1 

Total Carbon Emission 5286,34167 4688,66667 4626,15833 

Supplier to DC Transportation Cost  705,76 777,92 779,52 

DC to Retailer Transportation Cost  349,2 445,32 442,56 

Total Transportation 1054,96 1223,24 1222,08 

Holding DC In. Cost  25,4 62,4 58,4 

Holding R In. Cost  631,8 842,4 1005,6 

Total Holding 657,2 904,8 1064 

Order S to DC Cost 350 300 300 

Order DC to Retailer Cost  750 700 650 

Total Order Cost 1100 1000 950 

Lost Sale Cost  0 0 0 

Total Cost  2812,16 3128,04 3236,08 
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According to Table 5.4, we can say that when the  level decreases, the total cost 

increases and total carbon emissions decreases. 

As shown in Figure 5.6, when the  level decreases, the order cost decreases. The 

model tries to use fewer vehicles to avoid more carbon emission due to the increasing 

total carbon emissions coefficient.  

 

Figure 5.6. Hybrid Model - Order Cost vs.  level 

HDVs cause more order cost because they have more capacity than MDVs. Hence the 

model chooses them because of their capacity, and it causes less order cost and carbon 

emission when the shipment amounts massive.  

When the  level is equal to 0.5 and 0.1, the model chooses electric MDV more 

because it is more beneficial for small shipment amounts. Also, MDVs can be helpful 

to prevent more holding cost and lost sale cost because if the model chooses to send 

products with HDVs, it sends more products to avoid lost sale due to HDVs lead times 

more than MDVs lead times between some nodes.  

In total holding cost, when the  level decreases, holding cost increases because the 

model tries to use fewer vehicles. As a result of this choice, the model is sending large 

number of products to avoid loss sale and it increases the holding cost. 
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Figure 5.7. Hybrid Model - Holding Cost vs.  level 

As a result of total transportation cost values, when  level is 0.9, total transportation 

cost has the lowest value than other  levels because when the model sends products, 

it chooses nodes that have less transportation cost mostly. 

 

Figure 5.8. Hybrid Model - Shipment Amounts between Nodes vs.  level 
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Figure 5.9. Hybrid Model - Transportation Cost for Different Vehicle Types vs.  

level 

Finally, we can say that total electric vehicle transportation cost increases when the  

coefficient decreases because the model becomes more carbon sensitive. 

As we can see in Figure 5.10, when the total cost coefficient  decreases, the model 

generally chooses to send products with electric vehicles even they have more lead 

times because they release less carbon emission. The model sends more products with 

electric HDV because it has eight times more capacity than electric MDV and it’s more 

beneficial than gasoline HDV in the aspect of carbon emission. Therefore, it becomes 

more beneficial in aspects of cost and carbon emission.  

 

Figure 5.10. Hybrid Model - Shipment Amounts According to Vehicle Types vs.  
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5.3 Lateral Transshipment Model 

In this model, we added lateral transshipment policy among retailers and among 

distribution centers to extend the hybrid policy and give more flexibility to the supply 

chain.  

All the results of the lateral transshipment model experiment are given in Table 5.4. 

Table 5.4. Lateral Transshipment Model Results 

  Level 

0.9 0.5 0.1 

Total Carbon Emission  5592,51333 4733,18083 4626,15833 

Supplier to DCs Transportation Cost  674,56 688,32 779,52 

DC to Retailer Transportation Cost  299,16 335,4 442,56 

Retailer Transshipment Cost  59,6 24,32 0 

DC Transshipment Cost  0 0 0 

Total Transportation 1033,32 1048,04 1222,08 

Holding DC In. Cost  10,4 8,8 58,4 

Holding R In. Cost  534 1054,2 1005,6 

Total Holding 544,4 1063 1064 

Order R Cost  150 100 0 

Order S Cost  0 0 0 

Order DC Cost  350 300 300 

Order D Lateral Cost  700 550 650 

Total Order Cost 1200 950 950 

Lost Sale Cost  0 0 0 

Total Cost  2777,72 3061,04 3236,08 

According to Table 5.4, we can say that when the  level decreases, the total cost 

increases and total carbon emission decreases. 

As shown in Figure 5.11, when the  level decreases, the order cost decreases. The 

model tries to use fewer vehicles to avoid more carbon emissions due to the 

increasing total carbon emissions coefficient.
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Figure 5.11. Lateral Transshipment Model - Order Cost According to Vehicle Type 

vs.  level 

HDVs cause more order cost because they have more capacity than MDVs. Hence the 

model chooses them because of their capacity, and it causes less order cost and carbon 

emission when the shipment amounts massive.  

When the  level is equal to 0.5 and 0.1, the model chooses more electric MDV 

because it is more beneficial for small shipment amounts. Also, MDVs can be helpful 

to prevent more holding cost and lost sale cost because if the model chooses to send 

products with HDVs, it sends more products to avoid lost sale due to HDVs lead time 

more than MDVs lead time between some nodes.  

In total holding cost, when the  level decreases, holding cost increases because the 

model tries to use fewer vehicles. As a result of this choice, the model is sending large 

number of products to avoid loss sale and it increases the holding cost. 
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Figure 5.12. Lateral Transshipment Model - Holding Cost vs.  level 

As a result of total transportation cost values, when the  level decreases total 

transportation cost increases even shipment amount decreases because when the  

level is equal to 0.9, it chooses nodes that have less transportation cost mostly. Also, 

lateral transshipment option helps to reduce this cost because as we can see in Figure 

5.13, lateral transshipment amount has the highest value when the  level is 0.9.  

 

Figure 5.13. Lateral Transshipment Model - Shipment Amounts between Nodes vs. 

 level 
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Electric vehicles’ transportation cost increases when the  level decreases as we can 

see in Figure 5.14 because the model becomes more carbon sensitive.  

 

Figure 5.14. Lateral Transshipment Model - Transportation Cost for Different 

Vehicle Types vs.  level 

As we can see in Figure 5.15, when the total cost coefficient  decreases, the model 

chooses to send products with electric vehicles even they have more lead times. The 

model sends more products with electric HDV because it has eight times more capacity 

than electric MDV and it’s more beneficial than gasoline HDV in the aspect of carbon 

emission. Therefore, it becomes more beneficial in aspects of cost and carbon 

emission. 
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5.4 Sensitivity Analysis 

Lateral transshipment cost is one of the crucial parameters for the supply chain system 

with lateral transshipment. It is useful to see lateral transshipment cost variation over 

the total cost. Therefore, three different lateral transshipment cost are applied to the 

system which are given cost, 25% more and 50% more.  

 
Figure 5.16. Lateral Transshipment Shipment Amounts According to Transshipment 

Costs 

 

In this case, when the lateral transshipment cost is increasing, the lateral transshipment 

is decreasing as in Figure 5.16. Eventually, the lateral transshipment model does not 

prefer to make lateral transshipment. Therefore, the model gives the same results as 

the hybrid model. 

 

Figure 5.17. Lateral Transshipment Total Cost vs. Hybrid Model Total Cost 

According to Transshipment Costs 
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5.4 Comparison of Models 

Comparison of optimization models’ experimental results is given in this section. 

According to each  level, experimental results of models are given in Table 5.5 to 

Table 5.7. 

Table 5.5. All Model Results When  Level is 0.9 
 

Base 

Model 

Hybrid 

Model 

Lateral T. 

Model 

Total Carbon Emission  9553.7 5286.341667 5592.513 

Supplier to DCs Transportation Cost  708.52 705.76 674.56 

DC to Retailer Transportation Cost  358.44 349.2 299.16 

Retailer Transshipment Cost  0 0 59.6 

DC Transshipment Cost  0 0 0 

Total Transportation 1066.96 1054.96 1033.32 

Holding DC In. Cost  23.6 25.4 10.4 

Holding R In. Cost  688.2 631.8 534 

Total Holding 711.8 657.2 544.4 

Order R Cost  350 350 350 

Order S Cost  700 750 700 

Order DC Cost  0 0 150 

Order D Lateral Cost  0 0 0 

Total Order Cost 1050 1100 1200 

Lost Sale Cost  0 0 0 

Total Cost  2828.76 2812.16 2777.72 

 

Table 5.6. All Model Results When  Level is 0.5 
 

Base 

Model 

Hybrid 

Model 

Lateral T. 

Model 

Total Carbon Emission  8373.95 4688.666667 4733.180833 

Supplier to DCs Transportation Cost  778.88 777.92 688.32 

DC to Retailer Transportation Cost  457.56 445.32 335.4 

Retailer Transshipment Cost  0 0 24.32 

DC Transshipment Cost  0 0 0 

Total Transportation 1236.44 1223.24 1048.04 

Holding DC In. Cost  55.4 62.4 8.8 

Holding R In. Cost  985.8 842.4 1054.2 

Total Holding 1041.2 904.8 1063 

Order R Cost  300 300 300 

Order S Cost  600 700 550 
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Table 5.6(cont’d). All Model Results When  Level is 0.5 

 Base 

Model 

Hybrid 

Model 

Lateral T. 

Model 

Order DC Cost  0 0 100 

Order D Lateral Cost  0 0 0 

Total Order Cost 900 1000 950 

Lost Sale Cost  0 0 0 

Total Cost  3177.64 3128.04 3061.04 

Table 5.7. All Model Results When  Level is 0.1 
 

Base 

Model 

Hybrid 

Model 

Lateral T. 

Model 

Total Carbon Emission  8227.483 4626.158333 4626.158333 

Supplier to DCs Transportation Cost  812.38 779.52 779.52 

DC to Retailer Transportation Cost  595.96 442.56 442.56 

Retailer Transshipment Cost  0 0 0 

DC Transshipment Cost  0 0 0 

Total Transportation 1408.34 1222.08 1222.08 

Holding DC In. Cost  72.6 58.4 58.4 

Holding R In. Cost  935.4 1005.6 1005.6 

Total Holding 1008 1064 1064 

Order R Cost  300 300 300 

Order S Cost  600 650 650 

Order DC Cost  0 0 0 

Order D Lateral Cost  0 0 0 

Total Order Cost 900 950 950 

Lost Sale Cost  300 0 0 

Total Cost  3316.34 3236.08 3236.08 

 

 

5.4.1 Total Carbon Emission 

According to the evaluation of the models by carbon emission aspect, the base model 

has more carbon emission than the hybrid model and the lateral model, because this 

model provides transportation with only gasoline vehicle types which have higher 

carbon emissions than electric vehicle types. In the lateral transshipment model, we 

have all kinds of vehicles and lateral transshipment option. Therefore, this model has 

the second-lowest carbon emission value in all  levels. When we compare this model 

with the hybrid model, this model lateral transshipment options gives more flexibility 

to the transportation of products. Therefore, the optimization model generally sends 
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more products, and it causes more carbon emissions than the hybrid model. According 

to these results, we can conclude that the hybrid model is the least carbon emission 

value in all  levels. 

5.4.2 Total Order Cost 

Base Model has the lowest value in all  levels because in this model has only gasoline 

vehicle options because it tries to use fewer vehicles to reduce carbon emission but in 

other models, electrical vehicles already decrease the carbon emission so they can use 

more vehicle.   

Lateral transshipment model and hybrid model have the same vehicle options. 

However, as we can see in Figure 5.18 lateral transshipment option reduced 

distribution center to retailer order cost because the model can make product flow 

between retailers.  

  

Figure 5.16. Order Cost of All Models 

5.4.3 Total Transportation Cost 

For the total transportation case, the base model is more than the hybrid model for each 

beta level because, in hybrid model, we have more vehicle options. For instance, 

electrical HDV has the same transportation cost as the gasoline HDV but the MDVs 
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have less transportation cost. Therefore, the usage of MDVs makes difference in total 

transportation and the hybrid model becomes more beneficial.  

The lateral transshipment model has less than the base and the hybrid models for all  

levels because of lateral transshipment options give more opportunity to product 

transportation. Therefore, the lateral transshipment model can use only the least 

transportation cost paths then it may share these products within the echelons. 

However, when the  level is 0.1, it is not less than the hybrid model because the total 

carbon emission gains more importance. Therefore, the model does not choose to send 

products with lateral transshipment options because these options cause more carbon 

emissions.  

5.4.4 Total Holding Cost 

The base model has more total holding cost than the hybrid model for all  levels 

because the model sends massive products to avoid more vehicle usage. Therefore, 

this model chooses to send fully load vehicles because of the carbon emission and this 

choice increases the holding cost. As we can see in the order cost part, the hybrid 

model has more order cost when the level is equal to 0.5. Therefore, we can understand 

that vehicle traffic is more than the lateral model and it decreases the holding cost. As 

a result of these, we can conclude that there is a tradeoff between order cost and 

holding cost in model decisions. 

5.4.5 Total Cost  

As a result of all models, the hybrid model better than the base model, the lateral 

transshipment model better than the hybrid model in the aspect of total cost in the 

whole same  levels. Hence, we can conclude that each option gives more 

opportunities to minimize the total cost. 



 

43 
 

CHAPTER 6  

SIMULATION MODELS  

In this chapter, three different simulation models are developed which are base 

simulation model, hybrid simulation model, and lateral transshipment simulation 

model. All models contain multi-product, multi-sourcing policy, lead time and carbon 

emission sensitivity. We prefer to use (s, S) policy as an inventory control policy to 

overcome demand uncertainty in retailer and distribution center inventories. In (s, S) 

policy, when the inventory level drops under reorder point ‘s’ order must be placed 

number of products to reach the order up point ‘S’ as we can see in Figure 6.1. 

 

 
Figure 6.1. (s, S) Inventory 

The supply chain network, assumptions and data are given in Chapter 3.   

Simulation model assumptions are listed as follows: 

o The run length of simulation models is considered to be 6 months with 60 days 

of warm-up period for each scenario. 

o Warm-up periods determined by total cost divided by total demand value 

graphic. As we can see in the Figure 6.2, models reach the steady state at time 

60. 

o 10 independent replications are completed in each scenario run. 

o Since it is a popular and useful variance reduction technique, Common 

Random Numbers (CRN) variance reduction technique is used in the 

simulation models. Note that in CRN, the same random number stream is used 

for all other configurations. Thus, variance reduction is ensured. 
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o The OptQuest is run several times by narrowing the search space of decision 

variables by utilizing previous run’s result as suggested solution. 

 

Figure 6.2. Warm-up Period Determination 

OptQuest evaluates the responses from the current simulation run, analyzes and 

integrates these with responses from the previous simulation runs, and determines a 

new set of values for the controls, which are then evaluated by running the Arena 

model. This optimization tool is a heuristic-based optimization tool combining the 

meta-heuristics of tabu search, neural networks, and scatter search into a single search 

heuristic (Kleijnen,2007).  It allows the user to define integer and linear constraints for 

the simulation inputs. It requires to specify the lower, suggested, and the upper values 

for variables to be optimized. The suggested values are determining the starting points 

in the search procedure. In this search, first an initial optimization is run by 

heuristically determined suggested solution. Then, we utilize this initial optimization’s 

result as suggested solution in the second optimization run to find a better solution. 

All sets, indices, parameters, and variables used in the formulation of the models are 

listed below: 

Sets 

p ∈ P : Products 

i ∈ I : All nodes 
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j ∈ J : All nodes  

v ∈ V : Vehicle types 

 Parameters 

Dp,i,t = Demand of product p ∈ P  from i ∈ {all nodes} at period t ∈ T. 

CapHDV = Maximum load capacity of HDV. 

CapMDV = Maximum load capacity of HDV. 

GMDVLTij = Gasoline MDV’s lead time from node i ∈ {all nodes} to j ∈ {all nodes}. 

EMDVLTij = Electric MDV’s lead time from node i ∈ {all nodes} to j ∈ {all nodes}. 

GHDVLTij = Gasoline HDV’s lead time from node i ∈ {all nodes} to j ∈ {all nodes}. 

EHDVLTij = Electric HDV’s lead time from node i ∈ {all nodes} to j ∈ {all nodes}. 

Decision Variables 

sp,i = Reorder point of product p ∈ {1,2,3}  in inventory i ∈ {1,2,3,4,5,6,7} . 

Sp,i = Order up point of product p ∈ {1,2,3}  in  in inventory i ∈ {1,2,3,4,5,6,7}. 

LSp,i = Number of lost sale product p ∈ {1,2,3}  at retailer i ∈ {1,2,3,4}. 

ADp,i,j,t = Arriving demand of product p ∈ {1,2,3} from node i ∈ {1,2,3,4,5,6,7} to  j ∈

{1,2,3,4,5,6,7} the period t ∈ T. 

Ip,i,t = Inventory level of product p ∈ {1,2,3}   at node i ∈ {1,2,3,4,5,6,7} at the end of period 

t ∈ T. 

θ = Level represents the portion of reorder point of inventories to send product with 

electric. 

δ = Level represents the portion of reorder point of inventories to send product with 

electric MDV.  

𝛼 = Level determines the amount of product more than reorder point to make lateral 

transshipment between retailers.  

ɣ = Level determines the amount of product more than reorder point to make lateral 

transshipment between distribution centers.  
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The general flowchart of all the simulation models are given in Figure 6.3. 
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Figure 6.3. Simulation Model Flow Chart 

In these models, demands come to retailers beginning of the day for each product type. 

If the retailer cannot satisfy the demand, lost sale cost occurs.  
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Figure 6.4. Customer Demand Satisfaction Part 

After that, the model firstly checks the retailer inventories, if their inventories under 

the reorder point, order occurs at the amount of product to reach the order up point by 

subtracting the current inventory level from the order up level. 

 

Figure 6.5. Retailer Inventory Checking Part 

The model is sorting the supply nodes according to transportation cost, then feeds the 

demand node until satisfying the demand. However, the model is sorting the supply 

nodes by distance to give importance to total carbon emission in the b level 0.5 and 

0.1. 

 

Figure 6.6. Supply Node Selection for Retailer Part 

 

After feeding the retailers, the model checks the distribution center inventories in the 

same manner as retailer inventories.  
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Figure 6.7. Supply Node Selection for Distribution Center Part 

In the base model, the vehicle selection algorithm decides gasoline HDV and gasoline 

MDV usage. Therefore, when the total shipment amount more than MDV’s capacity, 

the model sends HDV because if we choose MDV, we must use more vehicles, and 

this choice will increase order cost drastically. For instance, let's think that the model 

sends 119 units of items from the supplier to the distribution center. If the model uses 

MDV, the order cost increases six times more than HDV usage. In some cases, the 

algorithm uses both of them. For instance, when it is sending 137 units of product 

model can send 120 units of products with HDV, 17 units of products with MDV 

instead of sending all of them with HDV because MDV’s unit transportation cost is 

less than HDV. Therefore, the model chooses to transport products with HDV and 

MDV, when the total shipment amount mod HDV’s capacity is less than or equal to 

MDV’s capacity.  In the hybrid and lateral transshipment model, the vehicle selection 

algorithm decides electric versions of HDV and MDV in addition to the base model. 

Electric vehicles lead times more than gasoline vehicles for some distances and we 

know that the reorder point and lead time are strongly related because the reorder point 

represents the stock amount until the new product flow arrives. Therefore, the hybrid 

and lateral models determine levels that represent the portion of the reorder point of 

inventories to send products with electric vehicles. Hence, we can be sure that if we 

choose the electric vehicle, it can transport the products right on time by determining 

these levels.  
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Figure 6.8. Vehicle Selection Part 

In the lateral transshipment model, we determine levels that represent the portion of 

the reorder point to allow product flow within the echelon. In other words, 

transshipment occurs when the supply node inventory more than (1+) times reorder 

point. Therefore, supply node inventory must be more than the reorder point to send 

products to the demand node within the same echelon. 
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6.1 Verification and Validation  

Verification is the process of confirming that a model operates as intended (Pegden et 

al., 1990). Therefore, debugger tools of Arena simulation modeling software, such as 

Command, Break and Watch were used for checking models’ status. Also, models' 

animation was watched.  In this way, models’ verification process was done. 

Validation is usually defined to mean “substantiation that a computerized model within 

its domain of applicability possesses a satisfactory range of accuracy consistent with 

the intended application of the model” (Schlesingeret et al., 1979). There are several 

methods for validation process such as event validity, face validity, historical data 

validation, Turing tests, parameter variability (i.e. sensitivity analysis) etc. (Sargent, 

2011). In this thesis, sensitivity analysis is applied to models. This technique consists 

of changing the values of the input and internal parameters of a model to determine 

the effect upon the model’s behavior or output. This technique can be used 

qualitatively directions only of outputs and quantitatively both directions and (precise) 

magnitudes of outputs. Those parameters that are sensitive, i.e., cause significant 

changes in the model’s behavior or output, should be made sufficiently accurate prior 

to using the model.  Thus, sensitivity analysis over total cost coefficient showed that 

models are valid because while total cost coefficient decreasing model give more 

importance to the total carbon emission. In addition, sensitivity analysis over lateral 

transshipment cost shows that when the lateral transshipment cost increased lateral 

transshipment amount decreased as expected so, the model was validated.
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CHAPTER 7 

EXPERIMENTAL RESULTS OF SIMULATION MODELS 

The base simulation model, the hybrid simulation model, and the lateral transshipment 

simulation model results are given in this section. As in Chapter 5, the problem 

objectives are the same and we use the same  levels which is the coefficient of the 

total cost. To optimize the problem objectives and determine the (s, S) levels OptQuest 

tool is used and we developed the model in ARENA 14.0 software. The OptQuest is 

run several times by narrowing the search space of decision variables by utilizing the 

previous run’s result as a suggested solution. Screenshots of the OptQuest run and its 

result are shown in Figure 7.1. Decision variables are determined as reorder and order 

up inventory levels (s, S) each retailer and distribution center for each product. So, 

total cost and total carbon emission amounts are minimized by optimizing (s, S) values 

and the same logic is used in all models.  

 

(a) 
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(b) 

 

        (c)     (d) 

Figure 7.1 OptQuest screenshots for Base Model: (a) and (b) control part of the (s, 

S) values; (b) Visualized (s, S) values of Base Model OptQuest; (c) Part represents 

constraints which are added to OptQuest. 
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7.1 Base Simulation Model  

In the base model, we only consider gasoline engine heavy-duty trucks and gasoline 

engine medium-duty trucks as vehicle types. According to the OptQuest results, we 

define (s, S) levels that are given in Table 7.1 to Table 7.3 for each  level. 

Table 7.1. (s, S) Levels when  is 0.9 in Base Simulation Model 

 = 0.9 s S  
P1 P2 P3 P1 P2 P3 

R 1 31 44 4 87 130 156 

R 2 16 60 14 64 176 197 

R 3 57 22 15 58 73 17 

R 4 24 42 8 190 80 39 

DC 1 302 0 56 410 107 101 

DC 2 0 22 33 0 124 81 

DC 3 105 0 112 203 0 483 

Table 7.2. (s, S) Levels when  is 0.5 in Base Simulation Model 

 = 0.5 s S  
P1 P2 P3 P1 P2 P3 

R 1 100 19 125 161 102 223 

R 2 28 92 32 102 92 32 

R 3 87 9 69 152 45 89 

R 4 13 38 129 120 149 183 

DC 1 104 55 28 305 500 497 

DC 2 120 36 12 120 114 295 

DC 3 108 0 0 108 0 0 

Table 7.3. (s, S) Levels when  is 0.1 in Base Simulation Model 

 = 0.1 s S  
P1 P2 P3 P1 P2 P3 

R 1 163 56 135 250 250 150 

R 2 31 85 147 178 195 250 

R 3 10 41 112 110 142 236 

R 4 132 45 210 240 250 250 

DC 1 208 260 110 470 315 398 

DC 2 0 255 173 349 299 499 

DC 3 125 125 147 409 205 231 
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Base model simulation output file screenshots are given in Figure 7.2 to Figure 7.4. 

 

 
Figure 7.2. Base Model Simulation Output File When  is 0.9 

 

Figure 7.3. Base Model Simulation Output File When  is 0.5 
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Figure 7.4. Base Model Simulation Output File When  is 0.1 

The results of the base simulation model experiment are given in Table 7.4. 

Table 7.4. Base Simulation Model Results 

  Level 

0.9 0.5 0.1 

Total Carbon Emission 236660 184030 164210 

Supplier to DC Transportation Cost  16180 17984 17951 

DC to Retailer Transportation Cost  7858 10781 10998 

Total Transportation 24038. 28765 28949 

Holding DC In. Cost  35289 42443 89555 

Holding R In. Cost  74320 108570 189350 

Total Holding 109609 151013 278905 

Order S to DC Cost 8990 7055 6925 

Order DC to Retailer Cost  16040 14330 10375 

Total Order Cost 25030 21385 17300 

Lost Sale Cost  900 3550 4740 

Total Cost  159577 204713 329894 

According to Table 7.4, we see that when the  level decreases, the total cost increases 

and total emission decreases. 

As shown in Figure 5.1, when the  level decreases, the order cost decreases. The 

model tries to use fewer vehicles to avoid more carbon emissions due to the increasing 
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total carbon emissions coefficient.  According to this behavior, order up and reorder 

point levels differences getting wider while  level decreases.  

 

  
Figure 7.5. Base Simulation Model - Order Cost vs.  level 

When the  level decreases, HDV’s usage decreases as well because HDV has more 

carbon emission when shipment amounts are small. HDV’s usage has the highest value 

because it has more capacity than MDV. Hence, the model chose them because of their 

capacity. Also, they cause less order cost when the shipment amounts are massive.  

The total holding cost increases when the  level decreases because the model tries to 

use fewer vehicles. As a result of this choice, the model is sending large number of 

products to avoid loss sale and it increases the holding cost. Therefore, reorder point 

and order up levels difference getting wider when  level is decreasing.  

 

Figure 7.6. Base Simulation Model - Holding Cost vs.  level 
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As a result of total transportation cost values, when the  level decreases total 

transportation cost increases. When we look at Figure 7.7, we can see that the total 

shipment amount has the highest value when  level is 0.9. However, it has the lowest 

transportation cost because cost has more priority at this level and it chooses paths that 

have less unit transportation cost.  

 
Figure 7.7. Base Simulation Model - Shipment Amounts between Nodes vs.  level 

 

Figure 7.8. Base Simulation Model - Transportation Cost for Different Vehicle 

Types vs.  level 
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HDV’s transportation cost increases when the  coefficient decreases because the 

model sending massive shipment amounts. Thus, HDV’s transportation cost increase 

because it has more capacity than MDV.  

7.2 Hybrid Simulation Model 

In the hybrid simulation model, we use two different types of vehicles to reduce carbon 

emissions. Each vehicle type has an electric engine version and a gasoline engine 

version same as in the Chapter 5 hybrid model.  

According to the OptQuest result, we defined (s, S) levels for the hybrid simulation 

model. The levels are given in Table 7.5 to Table 7.7 for each  level. 

Table 7.5. (s, S) Levels When  is 0.9 in Hybrid Simulation Model 

 = 0.9 s S  
P1 P2 P3 P1 P2 P3 

R 1 16 10 6 49 58 23 

R 2 61 23 36 69 62 69 

R 3 19 24 29 92 153 29 

R 4 70 16 8 135 40 57 

DC 1 95 99 23 380 107 70 

DC 2 0 0 61 97 155 128 

DC 3 0 400 19 53 418 105 

Table 7.6. (s, S) Levels When  is 0.5 in Hybrid Simulation Model 

 = 0.5 s S  
P1 P2 P3 P1 P2 P3 

R 1 20 27 37 87 122 47 

R 2 73 28 23 73 62 153 

R 3 33 22 18 88 69 25 

R 4 15 6 118 35 37 122 

DC 1 217 179 104 482 411 209 

DC 2 36 140 47 262 270 417 

DC 3 59 68 284 83 68 284 
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Table 7.7. (s, S) Levels When  is in Hybrid Simulation Model 

 = 0.1 s S  
P1 P2 P3 P1 P2 P3 

R 1 74 83 147 173 151 184 

R 2 109 74 83 109 76 83 

R 3 83 33 26 128 96 98 

R 4 55 45 74 161 153 122 

DC 1 198 135 102 400 306 278 

DC 2 173 96 93 269 348 155 

DC 3 30 0 234 38 0 267 

According to OptQuest results, we defined θ, δ levels for the hybrid simulation model. 

θ level represents the portion of the reorder point of inventories to send products with 

electric HDV when the lead time of electric HDV is not equal to gasoline HDV. δ level 

represents the portion of the reorder point of inventories to send products with electric 

MDV when the lead time of electric MDV is not equal to gasoline MDV.  As a 

reminder, they represent the portion of the reorder point because the reorder point 

represents the point that satisfies the demand until new products come. Thus, we define 

these levels because electric vehicles lead times more than or equal to gasoline 

vehicles. Therefore, if the inventory level can satisfy the demand until the electric 

vehicle brings new products, the model can send products with electric vehicles. The 

levels are given in Table 7.8 for each  level. 
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Table 7.8. θ and δ Levels 

  level 

0.9 0.5 0.1 

θ 0.483 0.197 0 

δ 0.334 0.214 0 

According to these values, the model prefers to send products only with electric 

vehicles when  level is 0.1. So, we can observe that when the  decreases model 

chooses electrical vehicles more. 

Hybrid model simulation output file screenshots are given in Figure 7.9 to Figure 7.11. 

 

Figure 7.9. Hybrid Model Simulation Output File When  is 0.9 
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Figure 7.10. Hybrid Model Simulation Output File When  is 0.5 

 

Figure 7.11. Hybrid Model Simulation Output File When  is 0.1 
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All the results of this hybrid model experiment are given in Table 7.9. 

Table 7.9. Hybrid Simulation Model Results 

  Level 

0.9 0.5 0.1 

Total Carbon Emission 145810 110880 89810 

Supplier to DC Transportation Cost  16412 18222 18365 

DC to Retailer Transportation Cost  5735.4 10640 11107 

Total Transportation 22147.4 28862 29472 

Holding DC In. Cost  34346 59234 51660 

Holding R In. Cost  51710 60120 116380 

Total Holding 86056 119354 168040 

Order S to DC Cost 11595 8280 7490 

Order DC to Retailer Cost  22935 23755 11430 

Total Order Cost 34530 32035 18920 

Lost Sale Cost  900 3550 4600 

Total Cost  143633 183801 221040 

According to Table 7.9, we can say that when the  level decreases, the total cost 

increases and total emission decreases. 

As shown in Figure 7.12, when the  level decreases, the order cost increases because 

the model tries to use fewer vehicles to avoid more carbon emissions due to the 

increasing total carbon emissions coefficient.  

 

Figure 7.12. Hybrid Simulation Model - Order Cost vs.  level 
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In each  level, HDVs cause more order costs because they have more capacity than 

MDVs. Therefore, the model chose them to avoid huge order cost. Also, it causes less 

carbon emission when the shipment amounts are massive.  

According to these results, we know that when the  level decreases, the model gives 

more priority to carbon emission. Therefore, gasoline HDV and MDV usage become 

not beneficial when the  level decreases. Thus, the model will be able to decrease 

total carbon emission. 

In total holding cost, when the  level decreases, holding cost increases because the 

model tries to use fewer vehicles. As a result of this choice, the model is sending large 

number of products to avoid loss sale and it increases the holding cost.  

 

Figure 7.13. Hybrid Simulation Model - Holding Cost vs.  level 

As a result of total transportation cost values, when the  level decreases total 

transportation cost increases. For instance, when the  level is 0.9, the total 

transportation cost has the lowest value than other  levels because when the model 

sends products, it chooses nodes that have less transportation cost mostly. However, 

total cost does not have priority in other level. Thus, the model chooses nodes that 

have less distance and it increases the total transportation cost. 
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Figure 7.14. Hybrid Simulation Model - Shipment Amounts between Nodes vs.  

level 

 
Figure 7.15. Hybrid Simulation Model - Transportation Cost for Different Vehicle 

Types vs.  level 

Gasoline HDV and MDV transportation cost decreases when the  coefficient decrease 

because the model becomes more sensitive to carbon emission. Electric HDV’s 

transportation cost increases when  level is decreases because it has less carbon 

emissions than gasoline HDV. Also, it has less carbon emission than MDVs when the 

shipment amounts are massive.  

As we can see in Figure 7.16 when the total cost coefficient  decreases the model 

chooses to send products with electric vehicles, even they have more lead times.        

The model sends more products with electric HDV because it has more capacity than 
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MDVs. Therefore, it becomes more beneficial costly. Also, when the shipment amount 

is large, it becomes more beneficial in the aspect of carbon emission. 

 

Figure 7.16. Hybrid Simulation Model - Shipment Amounts According to Vehicle 

Types vs.  level 

Finally, we can see that when the sensitivity of carbon emission increases, electric 

vehicles become a more preferred option for the model. 

7.3 Lateral Transshipment Simulation Model 

In this model, we add lateral transshipment policy among retailers and distribution 

centers to the hybrid simulation model to extend hybrid policy and give more 

flexibility to the supply chain. According to OptQuest results, we defined (s, S) levels 

for the lateral transshipment simulation model. The levels are given in Table 7.10 to 

Table 7.12 for each  level. 
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Table 7.10. (s, S) Levels when  is 0.9 in Lateral Transshipment Simulation Model 

 = 0.9 s S  
P1 P2 P3 P1 P2 P3 

R 1 22 40 18 35 55 45 

R 2 43 17 11 87 60 26 

R 3 29 29 59 96 54 62 

R 4 21 11 10 54 34 34 

DC 1 48 30 46 135 98 87 

DC 2 139 68 33 210 150 92 

DC 3 61 0 35 61 230 100 

Table 7.11. (s, S) Levels when  is 0.5 in Lateral Transshipment Simulation Model 

 = 0.5 s S  
P1 P2 P3 P1 P2 P3 

R 1 20 27 37 87 122 47 

R 2 73 28 23 73 62 153 

R 3 33 22 18 88 69 25 

R 4 15 6 118 35 37 122 

DC 1 217 179 104 482 411 209 

DC 2 36 140 47 262 270 417 

DC 3 59 68 284 83 68 284 

Table 7.12. (s, S) Levels when  is 0.1 in Lateral Transshipment Simulation Model 

 = 0.1 s S  
P1 P2 P3 P1 P2 P3 

R 1 74 83 147 173 151 184 

R 2 109 74 83 109 76 83 

R 3 83 33 26 128 96 98 

R 4 55 45 74 161 153 122 

DC 1 198 135 102 400 306 278 

DC 2 173 96 93 269 348 155 

DC 3 30 0 234 38 0 267 
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According to OptQuest results, we defined θ, δ, 𝛼, ɣ levels for the lateral transshipment 

simulation model. The θ level represents the portion of the reorder point of inventories 

to send products with electric HDV when the lead time of electric HDV is not equal 

to gasoline HDV. The δ level represents the portion of the reorder point of inventories 

to send products with electric MDV when the lead time of electric MDV is not equal 

to gasoline MDV. The 𝛼 level determines the amount of product more than the reorder 

point to make lateral transshipment among retailers. ɣ level determines the amount of 

product more than the reorder point to make lateral transshipment among distribution 

centers. 

The levels are given in Table 7.13 for each  level. 

Table 7.13. θ, δ, 𝛼, ɣ Levels 

  level 

0.9 0.5 0.1 

θ 0.09 0.197 0 

δ 0.88 0.214 0 

𝛼 0.149 0 0 

ɣ 0.04 0 0 

According to 𝛼 and ɣ levels, the model doesn't prefer to make lateral transshipment 

within the echelons in  level 0.5 and 0.1. The model prefers to send products with 

only electric vehicles when  level is 0.1. So, we can observe that when the  decreases 

model chooses electrical vehicles more. 

 

 

 

 

 

 

 

 

 



 

69 
 

Lateral transshipment model simulation output file screenshots are given in Figure 

7.17 to Figure 7.19. 

 

Figure 7.17. Lateral Transshipment Model Simulation Output File When  is 0.9 

 

 

Figure 7.18. Lateral Transshipment Model Simulation Output File When  is 0.5 
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Figure 7.19. Lateral Transshipment Model Simulation Output File When  is 0.1 

Results of lateral transshipment policy are given in Table 7.14. 

Table 7.14. Lateral Transshipment Simulation Model Results 

  Level 

0.9 0.5 0.1 

Total Emission  164670 110880 89810 

Supplier to DCs Transportation Cost  15545 18222 18365 

DC to Retailer Transportation Cost  7112.90 10640 11107 

Retailer Transshipment Cost  12.45 0 0 

DC Transshipment Cost  171.81 0 0 

Total Transportation 22842.157 28862 29472 

Holding DC In. Cost  20188 59234 51660 

Holding R In. Cost  40396 60120 116380 

Total Holding 60584 119354 168040 
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Table 7.15(cont’d). Lateral Transshipment Simulation Model Results 

  Level 

0.9 0.5 0.1 

Order R Cost  4425 0 0 

Order D Lateral Cost  6115 0 0 

Order S Cost  10935 8280 7490 

Order DC Cost  24330 23755 11430 

Total Order Cost 45805 32035 18920 

Lost Sale Cost  900 3550 4600 

Total Cost  128680 183650 221040 

According to Table 7.14, we can say that when the  level decreases, the total cost 

increases and total emission decreases. 

As shown in Figure 7.20, when the  level decreases, the order cost decreases. The 

model tries to use fewer vehicles to avoid more carbon emissions due to the increasing 

total carbon emissions coefficient. According to this behavior, order up and reorder 

point levels differences getting wider while  level decreases.  

 
Figure 7.20. Lateral Transshipment Simulation Model - Order Cost vs.  level 

According to these results, gasoline vehicles order cost decreases when the  

coefficient decreases because the model gives more priority to carbon emission.  

The holding cost increases when the  level decreases because of order cost values. 

For instance, the model has the highest order cost value when the  level is 0.1, it 

means that model is trying to send fewer vehicles. In order to achieve that the model 

must keep more products on hand.  
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Contrary to this, the model keeps fewer products on hand when the  level is 0.9, but 

it uses more vehicles to send products. Therefore, we can conclude that there is a strong 

relationship between order cost and holding cost. 

 
Figure 7.21. Lateral Transshipment Simulation Model – Holding Cost vs.  level 

As a result of total transportation cost values, when the  level is 0.9, the total 

transportation cost has the lowest value than other  levels because when the model 

sends products, it chooses nodes that have less transportation cost mostly. 

When we looked at the total shipment amounts, we can see that the model does not 

prefer to send products within the echelons when  levels are 0.5 and 0.1. Therefore, 

we can conclude that transshipment between echelons may not be beneficial for carbon 

emission while using (s, S) policy. 

 
Figure 7.22. Lateral Transshipment Simulation Model - Shipment Amounts between 

Nodes vs.  level 
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Figure 7.23. Lateral Transshipment Simulation Model - Transportation Cost for 

Different Vehicle Types vs.  level 

Gasoline vehicles’ transportation cost decreases when the  coefficient decreases 

because the model becomes more carbon sensitive. Contrary, the electric HDV’s usage 

increases when the  level decreases because shipment amounts are increasing. 

Therefore, it becomes more beneficial in the aspect of total cost and total carbon 

emission.  

According to Figure 7.24, the model sends more products with HDVs because they 

have more capacity than MDVs. Therefore, they become more beneficial costly.  

When the total cost coefficient  decreases, the model chooses to send more products 

with electric vehicles instead of gasoline vehicles due to its less carbon emission 

although it has more lead times. 
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Figure 7.24. Lateral Transshipment Simulation Model - Shipment Amounts 

According to Vehicle Types vs.  level 

Finally, we can say that electric vehicles have a critical role in the model. 

7.4 Sensitivity Analysis 

Lateral transshipment cost is one of the crucial parameters for the supply chain system 

with lateral transshipment. It is useful to see lateral transshipment cost variation over 

total cost. Therefore, three different lateral transshipment cost are applied to the system 

which are given cost, 25% more and 50% more.  

 
Figure 7.25. Lateral Transshipment Shipment Amounts According to Transshipment 

Costs 

 

In this case, when the lateral transshipment cost is increasing, the lateral transshipment 

is decreasing as in Figure 7.25. Eventually, the lateral transshipment model does not 

prefer to make lateral transshipment. Therefore, the model gives the same results as 

the hybrid model. 
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Figure 7.26. Lateral Transshipment Total Cost vs. Hybrid Model Cost According to 

Transshipment Costs 

7.5 Comparison of Models 

Comparison of optimization models’ experimental results is given in this section. 

According to each  level, experimental results of models are given in Table 7.15 to 

Table 7.17.   

When we applied paired t-test to models, as we can see in Figure 7.27, we can conclude 

that there is a (statistically) significant difference on all models’ output performance 

measures when the  is 0.9.  The first test is applied to the base model and hybrid 

model and we see that there is a significant difference between both model total costs 

because p-value is not less than 0.05. The second test is applied to the lateral 

transshipment model between the hybrid model, we see that there is a significant 

difference between both model total costs because the p-value is not less than 0.05. 

The third test is applied to the lateral transshipment model between the base model we 

see that there is a significant difference between both model total costs because the p-

value is not less than 0.05. 
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Figure 7.27. Paired t test comparison of means when the  is 0.9 

Table 7.16. All Model Results When  Level is 0.9 
 

Base 

Model 

Hybrid 

Model 

Lateral T. 

Model 

Total Carbon Emission  236660 145810 164670 

Supplier to DCs Transportation Cost  16180 16412 15545 

DC to Retailer Transportation Cost  7858 5735.4 7112.90 

Retailer Transshipment Cost  0 0 12.45 

DC Transshipment Cost  0 0 171.81 

Total Transportation 24038 22147.4 22842.157 

Holding DC In. Cost  35289 34346 20188 

Holding R In. Cost  74320 51710 40396 

Total Holding 109609 86056 60584 

Order R Cost  0 0 4425 

Order D Lateral Cost 0 0 6115 

Order S Cost  8990 11595 10935 

Order DC Cost  16040 22935 24330 

Total Order Cost 25030 34530 45805 

Lost Sale Cost  900 900 900 

Total Cost  159577 143633.4 128680 

When we applied paired t-test to models, as we can see in Figure 7.28, we can conclude 

that there is a (statistically) significant difference on all models’ output performance 

measures when the  is 0.5.  The first test is applied to the base model and the hybrid 

model and we see that there is a significant difference between both model total costs 

because p-value is not less than 0.05. The second test is applied to the lateral 

transshipment model between the hybrid model and we see that there is not a 
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significant difference between both model total costs because the p-value is less than 

0.05. The third test is applied to the lateral transshipment model between base model 

and we see that there is a significant difference between both model total costs because 

the p-value is not less than 0.05. 

  

Figure 7.28. Paired t test comparison of means when the  is 0.5 

Table 7.17. All Model Results When  Level is 0.5 
 

Base 

Model 

Hybrid 

Model 

Lateral T. 

Model 

Total Carbon Emission  184030 110880 110880 

Supplier to DCs Transportation Cost  17984 18222 18222 

DC to Retailer Transportation Cost  10781 10640 10640 

Retailer Transshipment Cost  0 0 0 

DC Transshipment Cost  0 0 0 

Total Transportation 28765 28862 28862 

Holding DC In. Cost  42443 59234 59234 

Holding R In. Cost  108570 60120 60120 

Total Holding 151013 119354 119354 

Order R Cost  0 0 0 

Order D Lateral Cost 0 0 0 

Order S Cost  7055 8280 8280 

Order DC Cost  14330 23755 23755 

Total Order Cost 21385 32035 32035 

Lost Sale Cost  3550 3550 3550 

Total Cost  204713 183650 183650 
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When we applied paired t-test to models, as we can see in Figure 7.29, we can conclude 

that there is a (statistically) significant difference on all models output performance 

measures when the  is 0.1.  The first test is applied to the base model and the hybrid 

model and we see that there is a significant difference between both model total costs 

because p-value is not less than 0.05. The second test applied to the lateral 

transshipment model between the hybrid model and we see that there is not a 

significant difference between both model total costs because the p-value is less than 

0.05. The third test is applied to the lateral transshipment model between the base 

model we see that there is a significant difference between both model total costs 

because the p-value is not less than 0.05. 

 

Figure 7.29. Paired t test comparison of means when the  is 0.1 

Table 7.18. All Model Results When  Level is 0.1 
 

Base 

Model 

Hybrid 

Model 

Lateral T. 

Model 

Total Carbon Emission  164210 89810 89810 

Supplier to DCs Transportation Cost  17951 18365 18365 

DC to Retailer Transportation Cost  10998 11107 11107 

Retailer Transshipment Cost  0 0 0 

DC Transshipment Cost  0 0 0 

Total Transportation 28949 29472 29472 

Holding DC In. Cost  89555 51660 51660 

Holding R In. Cost  189350 116380 116380 

Total Holding 278905 168040 168040 

Order R Cost  0 0 0 
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Table 7.19(cont’d). All Model Results When  Level is 0.1 

 Base 

Model 

Hybrid 

Model 

Lateral T. 

Model 

Order S Cost  0 0 0 

Order DC Cost  6925 7490 7490 

Order D Lateral Cost  10375 11430 11430 

Total Order Cost 17300 18920 18920 

Lost Sale Cost  4740 4600 4600 

Total Cost  329894 221040 221040 

 

7.4.1 Total Carbon Emission Cost 

According to the evaluation of the models by carbon emission aspect, the base model 

has more carbon emission than the hybrid model and the lateral model, because this 

model provides transportation with only gasoline vehicle types which are higher 

carbon emission than electric vehicle types. In the lateral transshipment model, we 

have all kinds of vehicles and lateral transshipment option within the echelons. 

Therefore, this model has the second lowest carbon emission cost when the  level is 

0.9. However, the model doesn't choose the lateral transshipment option when the  

levels are 0.5 and 0.1. Hence, we can see that when the model more carbon sensitive, 

lateral transshipment options become not beneficial options.  Finally, we can conclude 

that the hybrid model has the least carbon emission value for all  levels. 

7.4.2 Total Order Cost 

Base Model has the lowest value in all  levels because this model has only gasoline 

vehicle options because it tries to use fewer vehicles to reduce carbon emission but in 

other models, electrical vehicles already decrease the carbon emission so they can use 

more vehicle.   Therefore, this option makes (s, S) values wider than other models, and 

order cost occurs less than others.   

When the  level is 0.9, the hybrid model order cost better than the lateral 

transshipment simulation model. Since the lateral transshipment simulation model 

doesn't use the lateral option when  levels are 0.5 and 0.1, and the hybrid and lateral 

transshipment simulation models have the same results. 
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7.4.3 Total Transportation Cost 

In the aspect of total transportation cost case, the base model has a higher total 

transportation cost than other models because, in other models, the system has more 

vehicle options. For instance, electrical HDV has the same transportation cost as the 

gasoline HDV but the MDVs have less transportation cost. Therefore, the usage of 

MDVs makes difference in total transportation. The lateral transshipment simulation 

model has more transportation cost than the hybrid model when the  level is 0.9 

because it sends more product. However, the lateral transshipment option gives an 

opportunity to send products within echelons and it has less unit transportation cost 

than between echelons mostly. Therefore, the difference is not so much. The hybrid 

model and lateral transshipment models have the same results when  levels are 0.5 

and 0.1. 

7.4.4 Total Holding Cost 

The base model has more total holding cost than the hybrid model for all  levels 

because the model sends massive products to avoid more vehicle usage. Therefore, 

this model chooses to send fully load vehicles because of the carbon emission and this 

choice increases the holding cost. The lateral transshipment and hybrid simulation 

models have the same values except when the  level is 0.9. When the  level is 0.9, 

the lateral transshipment simulation model gives a better total holding cost. Since its 

total shipment amount less than the hybrid simulation model, it can decrease the 

holding cost. Also, its total order cost more than the hybrid model. Hence, this can 

show us, the lateral model uses more transportation traffic than the hybrid model and 

it can decrease holding cost. 

7.4.5 Total Cost  

The hybrid and lateral transshipment simulation models are better than base simulation 

model in the whole same  levels in terms of the total cost. The lateral transshipment 

simulation model is better than the hybrid simulation model only in  level 0.9. 

However, lateral transshipment and hybrid model have the same results in other  

levels. Therefore, we can conclude that each option gives more opportunities to 

improve the total cost. However, the lateral transshipment option may be unnecessary 

to use when carbon sensitivity has the same or more priority than the total cost.
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CHAPTER 8 

MANAGERIAL INSIGHT 

Nowadays, the world is trying to tackle global warming because of carbon dioxide and 

other air pollutants. Supply chain systems are one of the crucial factors of carbon 

emissions. For instance, road freight transport accounts for 22% of the CO2 emissions 

from the transport sector in the United Kingdom (Stern, 2006). The conventional 

supply chain models consider only the economic aspect, in other words, cost 

minimization or profit maximization. Therefore, they are not fully capable of 

satisfying the current needs.  

In this thesis, we consider carbon emission and cost minimization at the same time in 

all models with and without lateral transshipment. Therefore, we can observe carbon 

emission effects over the cost minimization decisions. In order to reduce carbon 

emissions more, electric vehicle options are available in our supply chain system 

because the carbon emissions of electric vehicles are less than that of gasoline vehicles. 

In spite of less carbon emissions of electric vehicles, their lead limes are generally 

more than gasoline vehicles because they have less range and long charging times.  

Therefore, we developed two models; one has only gasoline vehicles (Base Model), 

the other one has electric and gasoline vehicles (Hybrid Model). Thus, we are able to 

observe their effectiveness in the supply chain systems. In addition, we add lateral 

transshipment policy to the hybrid model to see lateral option effectiveness in the 

carbon sensitive system. Moreover, we developed these models for demand certainty 

and demand uncertainty cases. Hence, we can have insight over both demand cases.  

In summary, the base model represents the traditional supply chain, the hybrid model 

represents electrical vehicles option and the lateral transshipment model represents the 

transshipment option within the hybrid model. According to the obtained results, we 

can benefit from using lateral transshipment in the supply chain. However, when 

carbon emission has high importance and there are possibilities of holding high 

inventories, it’s usage may not be so profitable. Also, it is efficient to use electric 

vehicles in supply chain systems in terms of carbon emissions. In spite of their long 
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lead times, their integration to the supply chain can drastically decrease carbon 

emissions and they do not affect the service level of the supply chain while using them 

with the conventional vehicles especially while using lateral transshipment. Therefore, 

we can say that if charging times and battery technologies become more efficient and 

improved, electric vehicles will become more widespread in the future in supply chain 

networks. As a result, this thesis provides insights over electrical vehicles usage and 

lateral transshipment effectiveness in carbon emission sensitive systems for certain 

and uncertain demand cases.
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CHAPTER 9 

CONCLUSION AND FUTURE RESEARCH 

This thesis presents a solution to tackle a multi-echelon supply chain optimization 

problem under demand uncertainty and certainty while considering the carbon 

emission. Lateral transshipment and multi-sourcing options have been considered in 

the supply chain optimization to increase efficiency. Additionally, electric vehicles 

have been considered to reduce carbon emissions. Three optimization and simulation 

models are developed to see improvements of lateral transshipment and electric 

vehicle usage in the system. Based on the experimental results of all models, we 

observed that electric vehicles have a positive effect on total carbon emissions and 

total cost, even it has a limited range and long charging time. Therefore, we can 

conclude that electric vehicles will be a crucial part of product transportation in the 

future when we consider the technological improvements and investments in this field.  

Moreover, results show that the lateral transshipment is a beneficial option to reduce 

total cost. However, it is observed that when the carbon emission becomes more 

important, the amount of lateral transshipment decreases in both demand cases because 

with this option vehicle usage and transported product amount increases. Therefore, 

carbon emission amount increases. So, we can conclude that lateral transshipment 

options are useful in the traditional cost minimization models, yet there is still a room 

for improvement for it to be considered seriously in environmentally conscious 

models. 

Future studies could investigate lateral transshipment effects to the supply chain with 

carbon policies such as carbon tax, strict carbon capping, and carbon cap-and-trade. 

Furthermore, other than the applied (s, S) policy in simulation models in this thesis, 

different inventory policies may be employed in future models.
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