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ABSTRACT 
 
Complexity arises as products can take multiple transportation paths that flow from manufacturing sites 
through to different distribution centers and onward to the end customer destination. Changing 
transportation costs and volatile tariff rates exacerbate this complexity, as established product flows may 
become sub-optimal from a cost perspective. Optimization models can be used to determine the lowest-
cost solution to ship products from the manufacturing origin to the end customer.  This Capstone 
developed a mixed integer linear programming model for Carlstar, a global leader in the specialty tire and 
wheel industry.  The objective was to identify the optimal routing solution to minimize transportation and 
tariff costs for each of the company’s five product market segments.  The model provided for multiple 
possible routing options, including shipping direct to the customer from the manufacturer or through a 
distribution center. Multiple scenarios were run using different rates for transportation costs, tariffs, and 
customer demand.  Model constraints included manufacturing location, demand, and flow balance 
through the distribution centers.  Results indicate that Carlstar could save almost 20% on distribution 
costs by increasing the number of direct to customer shipments.  The impacts of tariffs, demand 
fluctuations and handling costs were smaller than expected, indicating that once an updated transportation 
network is established, it would not have to be updated very often to maximize potential cost savings.   
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1. Introduction  
In order to be competitive in the market, a firm must maintain a disciplined approach to 

optimizing its cost structure. Components of that cost structure such as tariffs and transportation rates can 

be highly volatile and subject a firm to an increased risk of sub-optimal financial performance.  To 

address this volatility and risk, firms need to be prepared to adjust operations and make alternative 

business decisions given the changing environment. 

The Carlstar Group (hereinafter noted as Carlstar) is a leader in the specialty tire and wheel 

industry.  The company partnered with our team at MIT to assess how it currently ships its products from 

the manufacturing origin to the end customer. Given the recent volatility in tariff rates, Carlstar believed 

that there was an opportunity to optimize transportation-related decision-making and generate potential 

cost savings. Carlstar provided historical transportation data as well as data detailing orders to its 

suppliers. After reviewing the data, we believed that an opportunity existed to optimize how products 

flow from the manufacturer to the end customer.  As such, our research focused on developing an Excel-

based model that would enhance transportation-related decision making and optimize total costs.  

The objective of this project was to create a tool that would enable Carlstar to make more 

informed decisions about how it shipped its products from the manufacturer to the end customer.  The 

tool would incorporate different cost and tariff rates and provide Carlstar with the optimal product flows.  

Using the data provided, we segmented the company’s products by market segment and built a model that 

selected the optimal product flow and minimized costs. 

1.1 Motivation 

Global firms continue to be impacted by recent changes to tariffs and transportation costs for 

business in the US (Hanbury, 2018).  In 2018, tariffs were levied against a wide range of products 

imported from China and were adjusted multiple times.  In 2019, the trade disputes between the U.S. and 

China continued with the threat of additional tariffs.  As a result, the importance of tariffs and supply 

chain management has grown considerably in corporate discussions on business health, with tariffs often 
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mentioned during quarterly earnings calls (Jasinski, 2018).  In addition, transportation costs, specifically 

those in domestic trucking, have changed significantly over the past year, and the rates are expected to 

continue to increase into the near term (Acar, Sonthalia, Ward & Zimmerman, 2018). The rate growth in 

tariffs is likely to play an increasing role in sourcing, assembly, and transportation decisions as well as 

drive changes in costs for various transportation routes.  

Recently, changes in the political climate have increased the threat of a trade war between the US 

and China. As the two countries dispute the tariffs placed on their traded goods, US firms with 

manufacturing operations in China continue to operate under a cloud of uncertainty. Will changes to 

tariffs significantly increase a firm’s total costs? Will tariffs increase to the extent that a company’s 

current operations are no longer optimal from a cost perspective?  How does a firm understand the 

financial impacts and make more informed decisions to remain competitive in this type of volatile 

environment?   

With volatile tariff rates coupled with changes in domestic transportation rates, Carlstar, a leader 

in the specialty tires and wheels industry, seeks to make more cost-effective decisions about how it ships 

products from manufacturing locations to the end customer.  To help it do so, Carlstar seeks an Excel-

based tool that will enhance decision making and support optimal routing selection for shipments.  The 

company would apply this tool in the context of different demand levels, transportation rates, and tariff 

rates.  

1.2 Research Problem 

Carlstar’s current network footprint includes manufacturing (MFG) facilities in the US and 

China.  In addition, the firm has distribution centers (DC) across the US, Canada, and Europe. Products 

are also procured globally and forwarded to US DCs. The DCs consolidate inventory and ship product to 

US, Canadian, and European DCs and customers. Due to transportation cost volatility and tariffs 

impacting products exported from their manufacturing site and large supplier network in China, Carlstar 

would like to make more informed decisions to minimize costs when selecting different transportation 
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routes and methods.  Can a model enhance Carlstar’s decision-making ability to optimize its network, and 

reduce total transportation costs while still meeting demand and maintaining regular delivery intervals? 

1.3 Hypothesis 

We believe that a mixed integer linear program (MILP) can give Carlstar the necessary insight to 

make decisions that further optimizes its transportation network.  With a MILP model, Carlstar will 

benefit on two fronts. First, the model will provide Carlstar with greater insight in its transportation cost 

structure.  Second, Carlstar will now have access to a simple, easy to use tool that can provide an optimal 

transportation solution that minimizes costs when choosing among different flow options and methods. 

We propose that a MILP model can enable Carlstar to make more informed decisions and generate cost 

savings in the future. 

2. Literature Review 
 
 Our project objective is to create a tool that enables Carlstar to more dynamically make decisions 

in an attempt to minimize total transportation costs while still meeting demand and maintaining service 

levels. These decisions will focus on changing the methods of delivery, or how products flow, from the 

manufacturing origin to the end customer destination.  Currently, Carlstar does not operate with this type 

of decision-making tool. This raises the question -- is Carlstar selecting the optimal transportation method 

given these changes in transportation costs and tariff rates?  To better educate ourselves to address this 

problem, we investigated four critical areas. First, we researched the complexity of logistics decisions and 

identified those specifically related to transportation.  Second, we identified the different criteria to be 

considered as part of a transportation-related decision. Third, we identified the international barriers to 

trade, including tariffs.  Lastly, we evaluated various optimization modeling techniques used to make 

transportation-related decisions. 
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2.1 Decision-Making in Logistics and Transportation 

 Logistics consists of a broad range of complex coordinated activities that cross multiple business 

functions (Langevin & Riopel, 2005). Logistics, as defined by the Council of Supply Chain Management 

Professionals, is “the process of planning, implementing, and controlling procedures for the efficient and 

effective transportation and storage of goods including services, and related information from the point of 

origin to the point of consumption for the purpose of conforming to customer requirements” (CSCMP, 

2013). Within logistics, the transportation function is responsible for the movement and delivery of 

products from the point of origin (i.e., raw material from suppliers) to the end customer destination (e.g., 

a retail store or personal residence) and all points along the supply chain network in between (i.e., 

distribution centers, warehouses) (Ross, 2004).  Effective decision-making in transportation requires an 

understanding of a firm’s strategic goals, knowledge of operational constraints and an ability to assess the 

tradeoffs and variables involved.  If managed effectively, transportation can become a critical strategic 

component of a firm’s supply chain and a competitive advantage in the market (Stank, 2010). 

 The complexity and interrelated nature of logistics decisions, including those related to 

transportation, is highlighted in a framework developed by Riopel, Langevin, and Campbell (2005).  The 

authors identified three primary decision categories –– Strategic Planning, Network, and Operations (see 

Table 1) –– that capture 48 different types of logistics decisions (see Table 2).   

     

Table 1 Three Categories of Logistics Decisions 
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Reprinted from Logistics Systems Design and Optimization (p. 9), by D. Riopel, A. Langevin, J. Campbell, 2005, New York, NY: 
Springer Science+Business Media, Inc. Copyright 2005 by Springer Science+Business Media, Inc. 

       

Table 2 Complete List of Logistics Related Decisions 

Reprinted from Logistics Systems Design and Optimization (p. 19), by D. Riopel, A. Langevin, J. Campbell, 2005, New York, 
NY: Springer Science+Business Media, Inc. Copyright 2005 by Springer Science+Business Media, Inc.  

 
 

Transportation, one of the nine categories under the Operational level, consists of eight distinct decisions 

involving both inbound and outbound shipments.  Such decisions include selection of transportation mode 

(truck, rail, ocean ship, etc.), degrees of shipment consolidation, and routing selection, among others.  The 

authors also highlight the different dependencies affecting each decision as well as the required 

information needed to make said decision.  For example, transport mode selection depends on previous 

decisions related to network design and customer service objectives and requires knowledge of 

transportation options, regulations, and characteristics of the products shipped (see Table 3). Lastly, the 

authors further highlight the complexity facing transportation decision-makers by drawing direct linkages 

to other parts of the business, including procurement, demand forecasting, product packaging, and 

warehousing. 
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Table 3 Decisions, Previous Decisions and Information Requirements 

Reprinted from Logistics Systems Design and Optimization (p.31), by D. Riopel, A. Langevin, J. Campbell, 2005, New York, 
NY: Springer Science+Business Media, Inc. Copyright 2005 by Springer Science+Business Media, Inc.  

 

 Stank (2010) further acknowledges the complex environment faced by transportation decision-

makers by highlighting factors such as economic uncertainty, changing government regulation, price 

volatility, and labor shortages.  These factors create challenges that differ significantly from those 

experienced less than a decade ago.  To support managers in turning transportation into a competitive 

advantage, the author provides a trimmed-down list of critical transportation decisions.  This list consists 

of four key decision levels:  long-term/strategic decisions, lane operations, choice of mode or carrier, and 

dock-level operations.   The decisions range from those requiring a strategic-level understanding of how 

products flow throughout a firm’s distribution network to those focusing on the day-to-day coordination 

of activities to minimize cost.  While much shorter in terms of the total number of decisions required and 

far less specific, Stank’s approach overlaps with the framework developed by Riopel, Langevin, and 

Campbell (2005).   
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2.2 Criteria to Consider in Transportation Decision-Making 

 Selection of optimal transportation modes and methods is a complex problem requiring a range of 

criteria to be considered.  According to Ross (2004), a primary goal of transportation is “to enhance the 

value of the product by positioning it in a more advantageous marketing location while minimizing the 

cost of in-transit inventories, expenditures for transportation and labor assets” (p. 613).  This focus on 

costs makes sense, as transportation can represent a significant portion of logistics spend (Ozceylan, 

2010).  Meixell and Norbis slightly expand on cost as the sole criteria by also including transit time 

(2008).  Some studies have argued that in addition to costs, decision-makers should also include various 

qualitative criteria and weight all factors in together (Liberatore and Miller, 1995).   Lastly, Ross (2004) 

provides a number of criteria focusing on transportation performance such as cost, dependability, and 

speed as well as a shortlist of seven additional “factors that must be used as the foundation driving all 

transportation planning activities” to include distance, shipping volumes, and product density (p. 637).  

While there is no industry standard formula when it comes to making transportation-related decisions, it is 

clear that every decision considers a multitude of variables. 

2.3 Criteria to Consider in International Supply Chain Decision-Making 

Today, supply chains span the globe. A single finished good may have components manufactured 

in one country and be assembled in another country before being sent back out around the world for sale.  

Items shipped across the globe incur a few key costs, specifically transportation and duty costs.  In this 

capstone, we address the cost of both transportation and tariffs and their effect on the decision-making 

process of the supply chain. 

The recent implementation of increased tariffs has accelerated the rate at which companies are re-

evaluating their entire supply chain (Jasinski, 2018).  Jasinski provides a specific example of a company 

seeking to minimize the tariff impacts through aggressive supply chain planning, as a CFO explained on 

an October 25, 2018, earnings call: 
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We have been preparing this plan since the tariff discussion hit the radar earlier this year...This 

dynamic environment creates the need for agility, and also an opportunity to more aggressively 

localize production and expand on our ‘make where we sell’ strategy.  (Jasinski, 2018, p. 21) 

According to Jasinski’s research, companies can make more informed business decisions by having the 

ability to model the impact of tariffs on their supply chain costs. 

Tariffs are a tax applied to goods imported into a country based upon the country of origin and 

Harmonized Tariff Schedule (HTS) code, which identifies the classification of the item imported.  The 

cost of the tariffs may be borne by anyone along the supply chain, from the foreign manufacturer to the 

retailer or the customer.  While the party who ultimately pays for the tariff is influenced by the party with 

the most bargaining power, for goods imported into the U.S., it is often the U.S. parties who end up the 

paying the majority of the tariff (Coy, 2018).  For the purposes of this capstone, it will be assumed that 

the full value of the tariff is borne by the U.S. importer and is added to the total cost of each item.  As this 

project is meant to support Carlstar's efforts to avoid increases to their total landed cost, we will not worry 

as to whether the consumer or the company ultimately ‘pays’ for the tariff.   

Anti-dumping taxes are another form of duties that must be considered when designing a supply 

chain.  They are only applied in specific situations, when it is ruled by the courts of the importing country 

that the imported goods are being sold in their country for less money than it would take to make them.  

Similar to tariffs, anti-dumping duties are specific to the country of origin and importer for specific HTS 

codes.  While anti-dumping taxes are not explicitly included in the model, they are a tax to be considered.    

2.4 Criteria to Consider for Quantitative Decision-Making 

Mathematical programming models are effective for identifying optimal solutions when 

designing or improving the supply chain, but many important factors need to be considered.  “The main 

advantages of mathematical programming models are that they provide a relatively simple and compact 

approximation of complex decision-making problems, an ability to efficiently find an optimal set of 

decisions among a large number of alternatives, and supporting analysis of decisions made” (Chandra & 



   15 

Grabis, 2016). One of the many different mathematical programming models that can be used to identify 

the mathematical optimal solution is a mixed-integer linear program (MILP).  MILP is best for 

optimization opportunities with a linear objective function and linear constraints with continuous and 

integer variables. MILPs are deterministic and can be utilized for supply chain network design (SCND) 

opportunities and are capable of solving multi-commodity flows.  As a result, SCND models do not 

consider variability in demand (Caplice, 2018). Factors that can be included in SCND models are 

demand, transportation costs, facility costs, and tariffs.   

  In the MILP, transportation can be modeled in multiple ways.  The simplest method of modeling 

transportation, using one mode of transport with a variable cost per unit, does not capture the complexity 

and the variety of options for shipments (Chandra & Grabis, 2016).  Transportation costs can also be 

modeled as a table of costs between nodes, which can more accurately differentiate costs between known 

origins and destinations but is limited to nodes for which the transportation costs are known.  Modeling 

transportation costs as a piecewise linear function has the added benefit of reducing the complexity of the 

model while also improving its realism (Tsiakis, Shah and Pantelides, 2001). There are multiple ways to 

model the transportation costs, and the appropriate method will be utilized for each transportation arc, for 

both in-bound and outbound shipping.    

2.5 Literature Review Wrap-up 

After a review of the literature, we have chosen to create a MILP model, based in Excel, that will 

identify the optimal transportation routing option that minimizes costs.  We believe that a user-friendly 

MILP model will appropriately meet the needs of the company and provide value to the decision-making 

process.  The model will rely on quality transportation data provided by the company.  In the absence of 

any required data, the model will include clearly stated assumptions vetted by the Carlstar team for 

accuracy and soundness.  The key objective in the model development will be to set proper model 

parameters to minimize complexity, enable ease of use, and provide clear cost minimizing solutions given 

the data provided.  The application of modeling best practices is described further in the methodology. 
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3. Methodology  
The objective of this project is to create a network optimization model, using a Mixed Integer 

Linear Program (MILP) approach, that enables Carlstar to more dynamically make decisions and 

minimize costs with regard to selecting different transportation routes and methods of delivery.  The 

model will serve as a decision-making tool that provides the optimal transportation route and mode 

solution that minimizes costs while still meeting demand and service level requirements, and operating 

within a given set of constraints. It will be run multiple times to analyze the sensitivity to changes in the 

transportation costs, tariff rates, and demand. In addition, the model will make recommendations as to 

whether specific modifications to the firm’s distribution network should be evaluated as well.  The model 

will be limited by its inputs and not capture all factors that influence business decisions, such as 

implementation costs and change management implications. The model will serve as a decision support 

tool for Carlstar’s leadership. 

To ensure that the model could be easily used and updated regularly, Carlstar requested that Excel 

be utilized for the model.  Under this guidance, we had to address the fact that Excel’s Solver add-in 

limits the number of decision variables to 200.  This constraint was too limiting, as our model would 

require decision variables that far exceeded that number. In order for Excel to handle an optimization 

problem with greater than 200 variables, we installed an add-in called What’sBest that expanded the 

number of decision variables for the model.  We selected What’sBest as it provides a very user-friendly 

interface and is updated regularly by its developers.  In addition, a model using the What’sBest add-in can 

be easily shared and updated by its users. 

3.1 Project Scope 

The project’s primary objective is to create a tool that enables Carlstar to make decisions that 

minimize cost when selecting different modes and routes of transportation.   Carlstar believed that with 

the aid of this tool, modes and routing for certain products would change as compared to the current state.  

This change could potentially generate a cost savings to the firm.  To determine the appropriate project 
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scope, the MIT and Carlstar teams executed a number of conference calls before meeting together at 

Carlstar Headquarters in Franklin, Tennessee.  During a day-long working session, the teams determined 

key components of project scope and requirements: 

1) The following product transportation flows would be considered as part of this project: 

a) Supplier ships direct to end customer via Full Container Load (FCL) 

b) Supplier ships direct to end customer via Less than Container Load (LCL) (*see note) 

c) Supplier ships an FCL to the DC (main or regional) closest to customer  

d) Supplier ships an LCL to the DC (main or regional) closest to customer (*see note) 

e) Supplier ships FCL for consolidation at a hub DC; product then ships full truckload (FTL) or 

less than truckload (LTL) to customer 

f) Supplier ships FCL to hub DC for consolidation; ships FTL/LTL to regional DC; ships via 

FTL or LTL to customer 

*Note: LCL options were later determined infeasible from a modeling perspective and removed 

 

Figure 1 Manufacturing to End Customer Product Flow Options 

 

2) Given the complexity of Carlstar’s product lines, analysis would segment products by five market 

segments: Agriculture and Construction, High Speed Trailer, Outdoor Power Equipment, 

Powersports, and Automotive Styled Wheels.  Analysis also excluded assembled products and 
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focused solely on finished goods. Segmenting products by market segment and narrowing down 

product type to finished goods would reduce model complexity and facilitate analysis on all 

product flows. 

3) The final optimization tool needed to be user friendly; the preferred method was an Excel-based 

model. To accommodate this request, we researched additional software add-ins that would 

expand model functionality as Excel had a limitation of only 200 decision variables.  As 

previously mentioned, we selected What’sBest as the add-in of choice.  

3.2 Company Overview: Product Lines and Market Segments  

Carlstar is a leader in the specialty tire and wheel industry and manufactures products across 

four primary product lines.  Product lines include tire and wheel assemblies, flat-free and semi-

pneumatic tires, metal wheels, and tubes.  Carlstar’s products can be further segmented into the 

following five market segments, as displayed in Figure 2: 

a. Agriculture and Construction (AGC): Products designed for farming and construction 

equipment such as tractors, bulldozers, and other heavy machinery 

b. High Speed Trailer (HST): Products designed for trailers that haul boats, campers, 

recreational vehicles, etc. 

c. Outdoor Power Equipment (OPE): Products designed for vehicles associated with lawn 

and garden care like lawnmowers and wheelbarrows, and recreational purposes like golf 

carts 

d. Powersports (POW): Products designed for recreational usage like all-terrain vehicles 

(ATVs), side-by-side or utility vehicles (UTVs), and other small off-road vehicles 

e. Automotive Styled Wheels (STW): Specialized steel and aluminum wheels designed for 

automobiles 
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Figure 2 Carlstar Product Market Segments 

3.3 Carlstar Supply Chain Network 

3.3.1 Manufacturing Sites 

Carlstar produces products from four primary manufacturing facilities (MFG). Three MFGs are 

located in the southeastern region of the United States — Clinton, Tennessee; Jackson, Tennessee; and 

Aiken, South Carolina.  The fourth facility is in the city of Meizhou, located in the southeastern part of 

China.  These four facilities produce just under 80% of Carlstar’s total products on a per unit-basis.  The 

remaining 20% of products are supplied by more than 85 different suppliers located globally.  China 

produces the majority of the products for the HST and OPE market segments.  In the US, Carlstar’s 

Aiken, SC, facility is the sole manufacturer of products in the STW market segment.  The Clinton, TN, 

facility is the primary producer of Carlstar’s POW market segment.  Lastly, the Jackson, TN, facility is 

the primary producer of AGC products (Table 4). 

Market	
Segment	

Primary	MFG	
Location	

AGC	 Jackson	MFG	
HST	 China	MFG	
OPE	 China	MFG	
POW	 Clinton	MFG	
STW	 Aiken	MFG	

 

Table 4 Primary Manufacturing Locations by Market Segment 
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3.3.2 Distribution Centers 

As part of its standard supply chain network flows, Carlstar’s MFGs ship products to its 

distribution centers (DC). DCs are generally large warehouses in strategically placed locations that store a 

company’s goods before shipping products to the end customer.  In addition, DCs can serve as a pickup 

point for customers that prefer to pick up and transport goods to their respective warehouses or retail 

locations.  Carlstar maintains 10 DCs located across the US and Canada (Figure 3). An additional DC is 

located in Hungary and serves European demand.  This DC was excluded, as the project scope included 

only demand from US and Canada.  Carlstar’s primary and largest DC is located in McDonough, Georgia. 

This location receives, stores, and ships the majority of products throughout North America.  Three DCs 

are co-located at each of Carlstar’s US manufacturing sites in Clinton, TN; Jackson, TN; and Aiken, SC.  

This enables Carlstar to produce and store products on-site and provides greater flexibility to meet 

changes in customer demand.  

 

Figure 3 Supply Chain Network  
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3.3.3 End Customer Distribution Channels 

Carlstar manufactures products across six major brands (Black Rock, Carlisle, Cragar, Marastar, 

ITP, and Unique) and has two primary distribution channels, original equipment manufacturer (OEM) 

and Aftermarket.  In the OEM channel, Carlstar’s products are a subcomponent of another company’s 

finished good.  For example, a Carlstar tire and wheel assembly might go on a lawnmower branded and 

sold by Husqvarna.  The Aftermarket channel distributes products for spare parts, replacement parts, and 

accessories. Through discussions with the Carlstar team, we learned that while product volumes are 

fairly evenly split across the two distribution lines, the vast majority of demand points for products 

occur in the Aftermarket channel.  These demand points include major retailers like Lowe’s, Walmart, 

and Discount Tire. The OEM channel consists of demand points across the entire US and includes 

companies like MTD, Textron, Toro, and the aforementioned Husqvarna. 

3.4 Data Collection and Analysis 

In order to develop the model, we first needed to establish an understanding of Carlstar’s current 

global network footprint and how its products flowed from manufacturing origin to the end customer 

destination.  To complete this analysis, we focused on five primary sources of information provided by 

Carlstar.  Each data source corresponded to specific pieces of the product flow path.  Those pieces 

included manufacturing, ocean freight, drayage, shipments to DCs, and shipments from DCs to end 

customers.   

Demand was analyzed for all US and Canadian customers, based on a 3-digit ZIP, whose yearly 

demand for all US- and Chinese-produced finished goods exceeded 12 Full Truck Loads (FTLs).   

Seasonality was observed, and with the exception of the OPE product segment, the magnitude of change 

was not as significant as expected.  Customers who receive less than 12 FTLs a year thus are not expected 

to have demand significant enough during peak demand to warrant direct-to-customer shipments. This 12-

FTL cutoff limit resulted in 192 3-digit ZIP locations and 89.4% of 2018 demand included in the model.  

The remaining 10.6% of demand excluded was distributed across 496 3-digit ZIP locations.  Data that 
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was excluded also included information on products procured from other countries outside of the US and 

China and products requiring assembly.  We removed these elements to align the data with project scope 

and to minimize model complexity while still maintaining sufficient data to ensure model validity. 

3.4.1 Orders to Suppliers 

Carlstar provided internally sourced manufacturing data detailing orders to suppliers over the 

years 2017 and 2018.  We focused solely on 2018 data to stay consistent with the other data sets in our 

analysis, as in some cases (ocean freight, drayage) we only received 2018 data. Additionally, Carlstar’s 

supply chain network changed in 2018 with the closing of two DCs. From a product flow perspective, 

using 2018 data also more closely represented the true current state.  From this order data, we were able 

to determine the manufacturing origins for products across all market segments (Table 5). We initially 

trimmed down the dataset by only including suppliers from the US and China.  This accounted for nearly 

95% of the total products produced.  The remaining 5% of products were produced by a number of 

different suppliers from 10 different countries. The final total number of suppliers following this 

adjustment was 89.  This number included Carlstar’s primary MFG locations in the US and China as well 

as other third-party suppliers.  Further analysis on this dataset revealed that the 5 largest suppliers 

accounted for 86% of the total number of product units manufactured.  These top suppliers included 

Carlstar’s primary MFG sites in Aiken, SC; Clinton, TN; Jackson, TN; Meizhou, China, and an additional 

Chinese supplier, Zhejiang Jingu.  We consolidated this list further by combining Meizhou and Zhejiang 

in the model.  This assumes that product consolidation occurs prior to shipping from mainland China. 

Lastly, to limit the number of MFG origins and reduce model complexity, we excluded data from the 85 

suppliers that produced the remaining 14% of the product units.    
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Table 5 Manufacturing Origin by Market Segment 

3.4.2 Ocean Freight Container Shipments 

Carlstar utilizes the services of Kuehne + Nagel (K&N), a global freight forwarder, for its ocean 

freight shipping needs.  The company provided K&N-sourced data detailing 12 months of container 

shipments from Q3 2017 to Q3 2018. This dataset allowed us to determine all ports of origin and 

destination for full container loads (FCL) shipped throughout the world.  As part of our data cleansing 

and analysis process, we excluded all less than container (LCL) loads, as those shipments made up less 

than 2% of the total containers shipped. We also only included those containers that originated from 

China and arrived in ports in the US and Canada. To further trim down data for the model, ports that were 

located in the same geographical region were consolidated to one location, with freight costs averaged to 

reflect the relative percentage of use for each port. For example, we combined the ports of Long Beach 
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and Los Angeles into one “Los Angeles” node in our model.  Additionally, we excluded rarely used ports 

from the list, but still ensured that the final network was adequately geographically dispersed.  The final 

list of potential ports was narrowed down to nine locations: Savannah, Los Angeles, New York, Seattle, 

Jacksonville, Houston, Montreal, Vancouver, and Prince Rupert (Table 6).  It is worth noting that a key 

limitation in this dataset was the inability to see details regarding the contents of each container. We did 

not have access to the bill of lading. To address this data gap, we assumed that products were produced 

and shipped on a steady-state basis, as this was stated by Carlstar and later confirmed in the data as well.  

 

Table 6 Container Flow from China to Select Ports in US and Canada   

3.4.3 Drayage Shipments from Ports 

 For drayage, the transportation leg that consists of containers moving to and from a port, Carlstar 

uses both Schneider and K&N for their port logistics needs.  Carlstar provided Schneider-sourced data 

detailing 12 months of container port pickups and deliveries from Q4 2017 to Q4 2018 and K&N data for 

2018.  Key insight from this dataset allowed us to determine the arcs between the arrival ports (as detailed 

in the ocean freight data) and the next US or Canada node within the network.  To add to our model, we 

calculated the distances of these arcs to the different DCs and customers as well as the rate in dollars per 

mile.  If a particular arc rate did not have data available to calculate a rate, we used an assumption of 

$3.60/mile, which was double the ground transportation rate per mile. During our data analysis, we noted 

a discrepancy between the total number of containers arriving in port from the ocean freight data and the 

total number of containers picked up for drayage when we combined the K&N and Schneider data.  One 
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would expect those numbers to match or at least be very close.  To reconcile, we used the total number of 

containers as detailed in the K&N ocean freight data as our baseline. To determine the list of drayage 

destinations from port, we selected only those that had an origin from a port receiving containers from the 

baseline K&N ocean freight data.  We did not further investigate the discrepancy noted above, but 

recommend this as a follow-up action for Carlstar. 

3.4.4 Shipments to Distribution Centers  

 Carlstar provided internally sourced data detailing shipments to its DCs over 2017 and 2018. This 

information detailed both MFG to DC shipments as well as DC to DC shipments.  This dataset allowed us 

to identify the different nodes and arcs going to a US- or Canada-based DC. In addition, we also gained 

insight into product shipment volumes and the timing of shipments to assess for seasonality.  

3.4.5 Shipments to Customer Locations 

 Carlstar provided internally sourced data detailing monthly shipments from DCs to customers 

across 2017 and 2018. Due to the number of individual demand points, customer locations were 

aggregated using a 3-digit ZIP code approach.  This significantly reduced the number of arcs for that final 

leg to the end customer, which helped reduce model complexity.  This dataset allowed us to determine the 

different nodes and arcs going to an end customer 3-digit ZIP code, volume of quantities shipped, and 

shipment timing.  We used this dataset as our primary source to understand customer demand.  We 

selected to aggregate demand at the 3-digit ZIP code as it maintained destination accuracy while still 

reducing model complexity.  We further reduced the number of 3-digit ZIP code, destinations to only 

those that received at least 12 full truckloads of shipments per year (Figure 4).   
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Figure 4 FTL Demand Volume by 3-digit ZIP Code (All) 

 

Figure 5 FTL Demand Volume by 3-digit ZIP Code (Greater than 12 FTLs) 
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Figure 6 FTL Demand Volume by 3-digit ZIP Code (less than 12 FTLs) 

3.4.6 Seasonality 

 Variation in demand was evaluated for all market segments.  The following figures, 

Figure 7 and Figure 8, show the seasonality of 2017 and 2018 demand across all market segments for all 

customers.  It was determined that there were just two seasons that needed to be evaluated to determine 

optimal product flow. 

 
Figure 7 Demand Seasonality for all Market Segments 
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Figure 8 Demand Seasonality for each Market Segment 

4. Model Development 
 

An Excel-based mixed integer linear program (MILP) model was developed to identify the 

optimal product flow for Carlstar’s products, classified by market segment.  The objective function of the 

model seeks to minimize the total cost for all transportation, tariff and handling costs.  The model 

variables are the potential flow paths the product could take from manufacturing origin to each customer: 

from manufacturer direct to customer or manufacturer to DC to customer.  A demand constraint ensures 

that demand is met for each customer.  A transshipment constraint, requiring that for each product 

delivered from a DC sufficient product was also sent to that DC from the applicable manufacturing 

facilities, was also included.  All products were modeled by market segment.  There are three different 

transportation costs; ocean freight, drayage, and ground transportation.  For ocean freight, we used a 

forty-foot equivalent (FEU) container for both the capacity and the shipping cost per container.  We 

excluded twenty-foot containers to simplify the model as more than 90% of the containers shipped by 

Carlstar are FEUs. Where data was available, we used actual drayage costs per mile for transportation 

from a port to the DC, with the most cost-effective option utilized.  For example, the data showed drayage 
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shipments from both the West and East Coasts to McDonough, GA.  Of these two options, the East Coast 

to McDonough will always be cheaper.  Thus, we excluded the West Coast to McDonough option.  For 

drayage costs to the customers, we used the distance in miles from the port multiplied by a rate of $3.60 

per mile. This ensured that each customer’s drayage costs would be calculated in the same manner.  

Customers were grouped by three-digit ZIP codes to aggregate demand, and only customers with demand 

greater than twelve FTL for the year were included.   This effectively reduced the size of the model 

without losing any analysis value.  In order to support all the variables and constraints required for the 

model, the Excel optimization add-in called What’sBest was used.  This add-in allowed us to expand the 

number of variables in the optimization formula beyond the 200-limit of Excel Solver.   

4.1 Model Inputs 

4.1.1 Transportation Costs 

 Three different categories of transportation were included in the model: ocean freight, drayage 

and ground transportation.  Actual costs were used for all ocean freight rates, pulled from the 2018 K&N 

data. Actual drayage costs were also used for transportation from the ports to the DCs.  For direct to 

customer shipments, we multiplied the distance from the closest port to the customer by an assumed 

drayage rate of $3.60 per mile.  The drayage rate was calculated by multiplying the provided domestic 

trucking rate of $1.80 by two.  The $1.80 per mile rate was an assumption given to us by Carlstar for all 

full truckload transportation. Ground transportation was calculated by multiplying the distance between 

nodes multiplied by the provided truckload rate of $1.80 per mile.  To calculate distances between the 

nodes (MFGs, DCs, 3-digit ZIPs), the Great Circle Route method was utilized, based on each node’s 

latitude and longitude.  While actual transportation costs were available for some customers, all 

customers’ delivery cost was calculated in this manner.  Another advantage of this approach is the ease 

with which the transportation rates can be updated to support future use and what-if analysis related to 

changes in ground transportation costs. 
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4.1.2 Demand 

 Demand was entered as the total yearly demand by market segment: AGC, HST, OPE, POW and 

STW.  Total yearly demand was then divided by 26 to get an expected bi-weekly delivery requirement.  

While the number of deliveries per year can be easily adjusted in the model, based on conversations with 

Carlstar the two-week schedule best represents current aggregate customer delivery requirements.  

Demand for each market segment was then allocated to the appropriate manufacturing facilities based on 

overall production percentages for each market segment, shown in Table 5.  The percentage of product 

produced at each major facility by market segment was then recalculated to represent all of demand, 

despite excluding the smallest manufacturers from the analysis, as shown in Table 7.   

 

Table 7 Model Inputs for Manufacturing Origin by Market Segment 

 
Since each SKU is only manufactured at one location, this ensured the most accurate transportation 

requirements for each customer.  To account for the varying size and transportation demands of each 

market segment, total unit demand was translated to FEU equivalents for demand from Meizhou and FTL 

for demand from US manufacturing sites.  From each distribution point, demand is aggregated to ensure 

the lowest possible cost to Carlstar.   

4.1.3 Tariffs 

We included the cost of tariffs for all demand shipped from Meizhou to the US. Per Carlstar’s 

guidance, a tariff of 10% of the unit cost was applied to all market segments.  This can easily be adjusted 

in the model by market segment to match current or projected rates.  For Canadian customers, tariffs were 

not applied if the products were shipped direct from Meizhou to Canada.  We did apply the tariff rate if 

products went through a US DC prior to reaching their final destination in Canada. 

AGC HSP OPE POW STW
Meizhou 15% 85% 83% 0% 0%
Aiken 16% 4% 11% 9% 90%
Clinton 19% 0% 1% 91% 0%
Jackson 50% 11% 5% 0% 10%



   31 

4.1.4 Handling Costs 

We applied a 10% handling cost to all products that passed through a DC.  This cost was based 

upon the average unit cost to make for each market segment and accounted for the labor required to move 

the product through the DC.  We calculated the handling cost separately for each market segment and DC.  

This cost can be easily adjusted in the model should rates change or if Carlstar determines that a DC or 

market segment should be treated differently. 

4.1.5 Transportation Flows 

The transportation flows are the variables of the optimization equation.  There are two different 

methods by which a product could be delivered to a customer.  The product could be delivered direct 

from the manufacturing facility to the customer or the product could be delivered from the manufacturing 

facility to a DC before delivery to the customer.  For shipments from the manufacturing facility direct to 

customers, the variables represented equivalent FEUs or FTLs, as appropriate, and were restricted to 

integers.  This enables the model to include the full cost of shipping a FEU and FTL, but does not require 

the unit to be full for tariff purposes.   For products shipped from DCs, the variables represented the 

quantity of products shipped.  Delivery costs were calculated as a proportional cost, and did not require 

the cost for a full FTL to be charged.  The same applied to the shipment of products from manufacturer to 

the DCs, which most accurately reflects the steady state delivery of products to the DCs.   

4.1.6 Model Complexity 

 The optimization model uses a branch and bound solver.  Effort was taken at every step to 

maximize accuracy while also minimizing unnecessary complexity.  While FEU and FTL shipments 

direct to customers were required to be integers, it adds complexity to the model.  For delivery to 

customers from the DCs, while it is apparent that 2/3 of a tire would not be delivered, constraining the 

results to integers placed unnecessary requirements on the model, increasing the time to run the 

optimization.  As the difference in fractional units and whole units did not make a material difference in 

the result for each shipment, the optimization allows for fractional units.   
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 To ensure that total demand was met, attempts were made to round up fractional units to the next 

integer.  This rounding caused the model to become nonlinear and drastically increased the time to solve 

the model. As the difference in total cost is negligible, fractional units were allowed. 

 As a result of the full FEU or FTL shipment from the manufacturer, there are times where the 

total demand fulfilled will appear to be greater than what is required.  While a full FEU is used to 

calculate shipment costs, tariff costs are based only on what is required.  In order to charge tariffs only on 

what is required, some non-linearity was introduced into the model.  The non-linearity is introduced by 

the quantity calculations for shipments from the Chinese manufacturers direct to customers.   

4.2 Model Formulation 

4.2.1 Objective function 

The objective is to minimize the total cost of transportation, tariffs and handling costs.  The 

formula looks at the sum for all market segments, all manufacturers, all DCs and all customers of the 

transport cost from manufacturing site to DC, transport cost from DC to customer, transport cost from 

manufacturing site straight to customer, import tariffs and the appropriate holding costs.    
 
Min Cost ∑ ∑ ∑ 𝑟#$%&𝑥#$%&$#& + ∑ ∑ ∑ 𝑠%$&𝑦$%& + ∑ ∑ ∑ 𝑡#%&𝑧#%&%#& +%$&
	∑ ∑ ∑ 𝑎#%& ∗ 𝑦#%&&%# +	∑ ∑ ∑ 𝑏#$& ∗ 𝑥#$&&$# +	∑ ∑ ∑ 𝑐#%& ∗ 𝑥#%&&%# +
∑ ∑ ℎ$& ∗ 𝑦$%&$& 								 [1]   
 

4.2.2 Model Constraints        

Subject to: 
 
∑ 𝑧#%&# + ∑ 𝑦$%&$ 	≥ 𝑑%&			∀	𝑘 ∈ 𝐾,𝑚 ∈ 𝑀, 𝑖 ∈ 𝐼  ensures demand is met or exceeded for each 

customer, market segment and manufacturing facility 

∑ 𝑥#$&# ≥ ∑ 𝑦$%&% 			∀	𝑚 ∈ 𝑀, 𝑗 ∈ 𝐽   ensures inbound supply at DC meets outbound demand 

𝑥#$& ≥ 0		∀	𝑖 ∈ 𝐼, 𝑗 ∈ 𝐽,𝑚 ∈ 𝑀 ensures all flow is positive from manufacturer to DC 

𝑦$%& ≥ 0		∀	𝑗 ∈ 𝐽, 𝑘 ∈ 𝐾,𝑚 ∈ 𝑀   ensures all flow is positive from DC to customer 



   33 

𝑧#%& ≥ 0, 𝑖𝑛𝑡𝑒𝑔𝑒𝑟		∀	𝑖 ∈ 𝐼, 𝑘 ∈ 𝐾,𝑚 ∈ 𝑀   ensures all flow is positive from manufacturer to 

customer, in integer FEU or FTL units 

4.2.3 Indices and Sets 

Four indices were used in the model to denote manufacturing locations, DC locations, customers 

by 3-digit ZIP, and the different product market segments. 

i = index for MFGs; 𝑖	 ∈ 𝐼  

j = index for DCs; 𝑗	 ∈ 𝐽  

k= index for customers; 𝑘	 ∈ 𝐾 

m= index for market segment; 𝑚 ∈ 𝑀 

4.1.4 Model Parameters 

Parameters used in the optimization model include multiple unit transportation costs, handling 

cost, tariff rates, manufacturing production capacity, and customer demand.  

𝑟#$& = unit transportation cost of product m from MFG i to DC j  

𝑠$%&= unit transportation cost of product m from DC j to customer k 

𝑡#%&= transportation cost per FEU or FTL of product m from MFG i to customer k 

ℎ$&= handling cost for product m at DC j 

𝑎$%&= import tariff for product m from DC j to customer k 

𝑏#$&= import tariff for product m from MFG I to DC j  

𝑐#%&= import tariff for product m from MFG i to customer k 

 The tariffs are the same value for a,b,c but are conceptually different in the model 

𝑑%& = demand of customer k for product m 
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4.1.5 Decision Variables 

The decision variables represent the different outputs the model can calculate given the set of 

parameters and constraints. 

𝑥#$& = volume of product m shipped from MFG i to DC j  , 𝑥 ≥0 

𝑦$%&= volume of product m from DC j to customer k , 𝑥 ≥0 

𝑧#%&= volume of product m from MFG i to customer k; x ∈ Z, 𝑥 ≥0 
 
For the model to be economically consistent, the data should conform to the formula below.  Otherwise 

full containers from China will never make sense.  Product volume, z, was modeled as an integer in order 

to force full containers from the manufacturer (FTL or FEU). 

 𝑧#%& ∗ 𝑡#%&	 ≤ 	 𝑥#$&	 ∗ 	𝑟#$& +	𝑦$%& ∗ 𝑠$%&	 + ℎ$& ∗ 𝑦$& 

 4.3 Model Iterations  

4.3.1 Variable Limitations 

Carlstar requested an Excel-based model to evaluate the optimal routing of its products from 

manufacturing origin to the end customer.  We initially tried to identify the optimal MILP solution using 

the Excel Solver add-in.  With five market segments, four manufacturing facilities, seven DCs, and 

hundreds of different customers, the number of potential transportation paths, and hence the number of 

decision variables in the model, multiplied quickly.  As part of its optimization calculation, the model 

would be required to evaluate each of these paths for each customer.  Unfortunately, Solver limits the 

number of variables that can be evaluated to 200. Thus, using the Solver add-in would not be sufficient 

for our model.   

Due to the Excel Solver limitation, we evaluated a variety of add-in options to meet Carlstar’s 

request for an Excel-based model.  Multiple options were evaluated and many were each deemed a less 

desirable alternative for the purposes of this project.  The main criteria was ease of use and easy upkeep 

for the company, to ensure the company could continue to use the model for as long as they desired.  

Options that only worked with certain versions of Excel, or did not appear to be maintained currently or 
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in the near future were excluded.  Ultimately, we determined that What’sBest, from LINDO Systems Inc., 

would be the optimal solution.  Though limited to a Windows-based operating system, What’sBest was 

very user friendly and has multiple tiers of performance options for Carlstar to choose from. 

4.3.2 Model Scenarios  

The model, based on the given set of assumption, provides Carlstar with information on the 

optimal routing for each of their larger customers (defined by total yearly demand)was run for the optimal 

solution as well as other scenarios to evaluate the sensitivity of the model to changes in rates for 

transportation costs and tariffs.  The following scenarios were run: 

 

Scenario 1: Baseline Solution 

 The model was run with the 2018 transportation flow actuals programmed into the model.    The 

yearly total deliveries from DC to customer, divided by 26 deliveries per year, were hard coded into the 

model.  The remaining unmet demand was then allocated to the respective manufacturing facilities for 

direct to customer shipments, utilizing the overall percentage of manufacturing distribution.  To ensure 

the transportation costs from manufacturer to customer is not over-estimated, for the baseline model only, 

the direct to customer flows are not required to be an integer, enabling fractional container utilization.  

When compared to other scenarios, the model output identifies the potential savings between what is 

currently done and what could be done.  

 

Scenario 2: Optimal Solution 

 The model was run with the provided set of assumptions to determine the optimal solution for the 

system for the given demand.  All assumptions described above were used in the model run that identifies 

the optimal solution.   
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Scenario 3: Tariffs 

 This scenario evaluates the influence the tariffs have on the optimal routing, specifically for 

Canadian demand.  As tariffs increase or decrease, the transportation flow for Canadian demand may 

change to minimize total costs.  How do the optimal flows react to changes in tariffs? 

 

Scenario 4: Transportation cost sensitivity 

 This scenario evaluates the role transportation rates play in influencing the optimal routing to 

DCs and the customer.  As the transportation cost per mile changes, impacting all shipments to customers, 

either from the manufacturer or from a DC, does the optimal routing change?  Do small changes in rates 

warrant a change in transportation flows?    

 

Scenario 5: Demand sensitivity 

 Demand fluctuations play an important role in determining the optimal transportation flow.  The 

market segment with the greatest seasonality is OPE. This scenario will evaluate the influence demand 

has on the optimal flow for each customer.  It will also seek to answer how sensitive the solution is to 

seasonal demand fluctuations.   

 

Scenario 6: Handling Cost 

 This scenario will evaluate the impact handling cost at the DCs has on the optimal transportation 

flow.  How sensitive is the optimal solution to changes in handling costs?  For the purpose of this 

scenario, it is assumed that all DCs’ handling costs would change at the same rate or percent of unit cost 

for each market segment.  

4.3.1.1 Model complexity iterations 

The model went through multiple iterations, from starting with very few variables to the over 

38,000 variables the model has today.  In order to support the large number of variables, the premier 
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package of What’sBest, the Extended version, is required.  There are, however, multiple methods to 

reduce the required processing required to solve the model that are either currently implemented or were 

utilized in the model buildout.    

There were a few adjustments made to reduce the number of variables and constraints required.  

The market segment manufacturing locations were hard coded into the model.  This had the added bonus 

of not biasing the model to pull units from the closest manufacturing locations for each customer, as each 

SKU is only manufactured in one location.  Hard coding these locations prevented us from having to set 

constraints on what products can be manufactured at which facilities.  We also looked at customer 

demand for other variable reduction opportunities. For customers with yearly demand less than a full 

container load, it would never be cost effective to send a shipment direct from the manufacturing facility.  

This break point, where it would make sense to ship directly to the customer, was analyzed with the total 

number of customers who met this level also noted.  After the model was complete, we expanded the 

number of customers to those with total demand greater than or equal to 12 FTLs per year, but the initial 

model was limited to 50 FTLs.   

The demand information is entered into the model as units of each market segment, and is 

translated to percent of a FEU or FTL, as appropriate, is required for each unit.  This enables 

consolidation of demand to facilitate synergy between the market segments.  Demand is further reduced 

to what should be anticipated every delivery cycle, as a customer would not want all anticipated yearly 

demand to be shipped in one shipment, promoting realism in the projections.  The delivery frequency can 

be updated with the modification of one value, to better facilitate analysis.   

Further, customers would likely not receive products from all DCs due to the extreme distance 

separation.  For example, it could be assumed that a customer located in Massachusetts would not be 

served by the Fontana DC in California.  In these scenarios, the DCs located furthest away could be 

removed as a potential option.  That said, we did leave McDonough as a feasible option for most 

customers as that is Carlstar’s main DC.  We had also created separate models, divided by market 

segment, where there was a low likelihood of manufacturing synergy.  This meant that ACG, HST, and 
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OPE were evaluated in one model, as all three had manufacturing in Meizhou.  POW and STW, the other 

two market segments not produced in China, would be evaluated in another model.  Despite all of our 

manual efforts, we were unable to reduce the number of variables to under the 2,000-limit. As such, we 

opted to upgrade to the What’sBest Extended option, which enabled the model to include an unrestricted 

number of variables, constraints and integers, eliminating the performance limitations.  Manual 

adjustments to reduce the complexity were then removed to increase the flexibility of the model. 

5. Analysis and Results 

5.1 Conclusions 

 The model was run with inputs across various scenarios.  These model runs provided insight into 

the system’s sensitivity to various changes, including changes to tariffs, transportation rates, demand 

fluctuations and handling costs variations.  It was interesting to note that changes in tariffs and 

transportation rates did not have as significant an effect on the optimal transportation flows as expected.  

For smaller changes in handling or demand, the optimal flow identified by the model was more 

significant.  This implies that the greatest influences on the optimal transportation routings are influenced 

by Carlstar’s own actions and policies.  For transportation flows, they do not have to be as reactive to 

outside influences, like changes in tariffs or transportation rate changes.  This does not mitigate the 

impacts changes to tariffs and transportation rates would have on the company financially, but it does 

indicate that an optimal transportation design would be resilient to outside influences.   

5.1.1 Scenario Results 

Scenario 1: Baseline Solution 

The model, when hard coded for current flow allocation, provides an appropriate comparison for 

the optimal solution as well as provides a framework of comparison for the other scenarios.   The baseline 

model enables the identification of the potential savings between what is currently done and what could 

be done when compared to the optimal model.  The baseline solution purposefully underestimates the 
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direct to customer transportation costs, calculating the direct to customer flows on a fraction FEU or FTL 

basis instead of the full container required for all other solutions. 

When the total calculated baseline cost is compared to the current actual costs incurred, the 

difference gives a good indication of how accurate the assumptions and model are as compared to current 

execution.  For the purposes of this analysis, we focused on the comparison between the baseline costs, 

the optimal costs, and the various scenarios.   

The relative influence of each cost component for the baseline is displayed in Figure 9. 

 

Figure 9 Baseline Distribution Cost 

   

 Based upon the set of assumptions we were given for handling and tariff costs, the largest 

incurred logistics cost is the handling cost at the DCs followed by the cost of tariffs.  The cost to deliver 

the products from the manufacturer to the DC as well as the direct to consumer shipments were also 

significant.  For the baseline model, all transportation costs were charged assuming each container goes 

out full, thus the costs would be higher in implementation.  The total cost, as compared to the optimal 

solution, is displayed in Table 8.   
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Scenario 2: Optimal Solution 

 The optimal solution identified by the model includes significantly more shipments directly from 

the manufacturer to the customer.  While the cost for to-customer transportation does increase, the 

handling cost as well as the cost for shipments to the DC is much less, significantly reducing the cost of 

the overall distribution channel solution.    

  

 

Figure 10 Optimal Makeup of Distribution costs 

The optimal solution, as identified by the model, would save the company 17% of the current baseline, 

equivalent to over $400K for each biweekly delivery cycle, as displayed in Table 8.  A visual of the 

buildup of an optimal solution as compares to the baseline can be seen in Figure 11. 

 

 

Table 8 Scenario Costs 

Optimal Baseline % change
Freight Cost-MFG to DC 151,785$     455,609$     -67%
Freight Cost- DC to customer 108,361$     619,331$     -83%
Frieght cost-MFG to customer 843,598$     110,939$     660%
Handling Cost 405,768$     763,494$     -47%
Tariffs 677,263$     671,936$     1%
TOTAL 2,186,775$ 2,621,310$ -17%

Estimated cost per Biweekly Shipment
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Figure 11 Baseline vs Optimal Solution Costs 

 Currently the majority of shipments to Carlstar’s customers originate at a DC.  The optimized solution 

identifies direct shipments from manufacturer to customer to be the most cost-effective shipment method 

for the majority of their demand by number of units, as seen in Table 9.  Number of customers served by 

market segment and origin is significantly less, indicating that there are a few key customers that Carlstar 

should specifically evaluate for a cost saving change in transportation flow.  It is important to note that 

while the model evaluates the vast majority of Carlstar’s demand, it does not include their smallest 

customers receiving less than 12 FTLs per year.  These customers would likely all be served by the DCs.   

  

Table 9 Optimal Distribution of Flow 

OPTIMAL SOLUTION Delivery Period Yearly Cost
MFG to DC 151,785$             3,946,407$          
DC to Customer 108,361$             2,817,394$          
MFG to customer 843,598$             21,933,546$        

405,768$             10,549,978$        
677,263$             17,608,825$        

TOTAL 2,186,775$         56,856,150$        
By MFG/ 
Customer By Unit

MFG to Customer 240 353,909                
DC to Customer 2,107                    126,072                
Direct to Customer 10% 74%
DC to Customer 90% 26%

#

%

Freight 
Cost

Handling Cost
Tariffs
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Scenario 3: Tariffs 

 Based upon multiple model runs with tariffs varying from 0% to 225% of unit cost, changes in 

the tariff rate did not materially change the cost of the optimal solution, as shown in Table 10.  optimal 

flow when tariffs went from 0% to 5% to 10%, but after 15%, any increase in the tariff rate did not 

change the optimal transportation flows.  When the tariff rate is set to 0%, the system identified an 

optimal solution with most of the Canadian demand going through US DCs.  As the rate increased to 

10%, the deliveries to Canadian customers began to switch to a Canadian DC origin.  At a 15% tariff rate, 

Canadian customers either received their goods from the manufacturer directly or from a Canadian DC.  

Any tariff increases above 15% did not change the optimal flow, but the total cost of the system would 

rise.  As the model pulled demand from Canadian DCs instead if US based ones very quickly, it is 

recommended Carlstar evaluate shipments from China MFGs to Canadian DCs.  For each scenario run, 

only 13% of all Canadian demand from China was recommended to go direct to consumer.  For 87% of 

Chinese manufactured items (compared to 85% of US made items), it was recommended that the tires are 

shipped from a DC.  As many of the Canadian customers have smaller demand levels, unless they are 

willing to accept delivery for a greater time period, it is more cost effective to ship from a DC. 

 

Table 10 Sensitivity to Tariffs 

 

TARIFFS 0% 5% 10% 20% 125% 225%
MFG to DC 150,920$             152,050$       151,785$             158,949$               158,949$                    158,949$             
DC to Customer 110,057$             109,221$       108,361$             107,677$               107,677$                    107,677$             
MFG to customer 839,570$             839,570$       843,598$             843,598$               843,598$                    843,598$             

407,379$             407,379$       405,768$             405,768$               405,768$                    405,768$             
-$                      339,657$       677,263$             1,343,933$           8,399,580$                15,119,245$       

TOTAL 1,507,926$         1,847,877$    2,186,775$         2,859,925$           9,915,573$                16,635,237$       

MFG to Customer 239 239 240 240 240 240
DC to Customer 2,108                    2,108              2,107                    2,107                      2,107                           2,107                    
Direct to Customer 10% 10% 10% 10% 10% 10%
DC to Customer 90% 90% 90% 90% 90% 90%

MFG to Customer 353,418               353,418          353,909               353,909                 353,909                      353,909               
DC to Customer 126,563               126,563          126,072               126,072                 126,072                      126,072               
Direct to Customer 74% 74% 74% 74% 74% 74%
DC to Customer 26% 26% 26% 26% 26% 26%

#

%

#

%

By Unit

Freight 
Cost

Handling Cost
Tariffs

By MFG/ Customer
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Scenario 4: Transportation cost sensitivity 

 Transportation rate fluctuations had an effect on the total cost for transport, but did not materially 

change the optimal transportation flows.  As transportation rates rise, the changes to the optimal 

transportation paths were not significant, as seen in Table 10. 

 

Table 11 Distribution Path based on Transportation Costs 

 

Scenario 5: Demand sensitivity 

 Demand fluctuation plays an important role in determining the optimal transportation flow.  

Interesting, seasonality was not as significant as expected.  The greatest fluctuation in demand was seen 

with the OPE market segment, as displayed in Figure 8.  OPE has the lowest unit cost to produce of all 

the tire products, and high numbers of these tires flow through their DCs.  When the model was run with 

two times the demand for OPE, the optimal percent of OPE tires going through a DC changed by 3%, 

from 94% to 91%, which does not warrant any adjustment in the transportation flows.  

  As such, instead of seasonality, scenario runs were performed with different magnitudes of 

experienced demand (0.5x, 0.75x, 1.5x, 2.0x and 3.0x).  As demand increases, the allocated transportation 

TRANSPORTATION SENSITIVITY 0.5 0.75 1 1.5 2 3
MFG to DC 98,237$        119,199$      151,785$      202,906$      263,690$      437,630$      
DC to Customer 66,803$        93,743$        108,361$      139,763$      197,709$      363,151$      
MFG to customer 678,491$      769,988$      843,598$      960,814$      987,892$      810,718$      

324,905$      367,835$      405,768$      479,872$      564,961$      776,806$      
677,263$      677,263$      677,263$      676,984$      677,777$      677,749$      

TOTAL 1,845,698$  2,028,028$  2,186,775$  2,460,339$  2,692,028$  3,066,054$  

MFG to Customer 356 286 240 186 147 113
DC to Customer 1,991             2,061             2,107             2,161             2,200             2,234             
Direct to Customer 15% 12% 10% 8% 6% 5%
DC to Customer 85% 88% 90% 92% 94% 95%

MFG to Customer 377,630        366,474        353,909        337,339        311,163        239,553        
DC to Customer 102,351        113,507        126,072        142,642        168,818        240,428        
Direct to Customer 79% 76% 74% 70% 65% 50%
DC to Customer 21% 24% 26% 30% 35% 50%

#

%

By MFG/Customer

By Unit

Freight 
Cost

Handling Cost
Tariffs

#

%
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cost per tire decreased.  Generally, as demand increased, the number of customers who were served via 

direct shipments also increased.   

 

 

Table 12 Impacts of Demand Magnitude on Transportation cost efficiency  

 
Scenario 6: Handling sensitivity 

 The optimal transportation flows identified by the model were very sensitive to changes in 

handling costs.  When handling costs were set to zero, utilization of the DCs for the optimal solution were 

much greater.  When the handling costs were increased to just 5%, optimal utilization of the DCs dropped 

by half.  Increases in handling cost drive continual adjustments to the optimal transportation flows for 

Carlstar’s products.  Changes in the handling costs modified the optimal solution, driving more direct 

deliveries to the customer as the handling cost increased.  Interestingly, as the handling costs increase, the 

changes in optimal flows fluctuate.    

 

DEMAND SENSITIVITY 0.5 0.75 1 1.5 2 3
Freight MFG to DC 5,292,120$         4,704,579$    3,946,407$    3,449,584$    2,839,879$         2,097,536$    

DC to Customer 3,783,814$         3,249,608$    2,817,394$    2,380,562$    2,032,982$         1,523,520$    
MFG to customer 19,196,898$       20,422,766$ 21,933,546$ 22,603,569$ 23,442,548$       24,777,700$ 

Handling Cost 14,978,111$       12,713,617$ 10,549,978$ 8,725,200$    7,432,516$         5,526,195$    
Tariffs 17,690,497$       17,658,824$ 17,608,825$ 17,585,939$ 17,529,685$       17,495,872$ 

TOTAL 60,941,440$       58,749,395$ 56,856,150$ 54,744,855$ 53,277,610$       51,420,823$ 

# MFG to Customer 128 184 240 331 404 545
DC to Customer 2,118                    2,123              2,107              2,053              1,995                    1,873              

% Direct to Customer 6% 8% 10% 14% 17% 23%
DC to Customer 94% 92% 90% 86% 83% 77%

# MFG to Customer 156,700               249,265          353,909          559,890          780,510               1,230,662      
DC to Customer 83,561                 110,865          126,072          159,835          178,947               208,316          

% Direct to Customer 65% 69% 74% 78% 81% 86%
DC to Customer 35% 31% 26% 22% 19% 14%

*Costs are provided as expenses incurred for the equivalent of 1 year of demand, so that they can be compaired

By Unit

By MFG/ Customer
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Table 13 Handling Cost Influence on Distribution 

 

 

Figure 12 Handling Cost Sensitivity 

5.2 Considerations 

 The model does not consider holding costs nor does it include service level requirements for the 

customers.  Inclusion of the holding costs would further increase the financial incentives of shipping 

direct to customer.  However, if a customer requires tires or wheels with a short turn-around time, then 

that may preclude the option to ship direct from the manufacturer.  The model also does not take include 

any assembly requirements, which often take place at the DCs.  Thus, this model is not an assessment of 

HANDLING COSTS 0% 5% 10% 15% 20%
MFG to DC 449,696$          199,017$       151,785$       134,331$       123,383$         
DC to Customer 236,396$          150,867$       108,361$       93,265$         83,989$           
MFG to customer 200,110$          640,920$       843,598$       953,493$       1,040,090$     

-$                   277,895$       405,768$       513,338$       607,816$         
673,279$          678,873$       677,263$       677,263$       677,263$         

MFG to Customer 51 156 240 311 363
DC to Customer 2,296                 2,191              2,107              2,036              1,984                
Direct to Customer 2% 7% 10% 13% 15%
DC to Customer 98% 93% 90% 87% 85%

Freight 
Cost

Handling Cost
Tariffs

#

%
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the utilization of a DC.  It solely indicates the role handling and other costs would play in changes to the 

optimal solution.   

5.3 Recommendations for Future Model Development and Research 

While our model produced the optimal shipping flow by market segment for each scenario, we 

believe that there are additional extensions to the model that Carlstar should further investigate to 

increase transportation cost optimality.    

First, Carlstar should investigate alternative manufacturing locations.  Currently, the company 

produces over 60% of its products in China. This reliance on Chinese manufacturing poses a significant 

financial risk as a trade war between the US and China could result in increased tariffs.  This could 

drastically impact the economics of Carlstar’s business operations.  Carlstar could benefit by establishing 

alternative manufacturing locations in other low-cost countries or by increasing their supplier base outside 

of China.  An additional option could be to increase production at its US-based manufacturing. While 

assumed to be costlier from a labor perspective, this alternative could potentially decrease total 

transportation costs and create political goodwill.   Adding new manufacturing locations and shifting the 

production location mix could be included in future model versions to gain insight into potential cost 

savings opportunities. 

Second, Carlstar should complete additional analysis at the more detailed stock keeping unit 

(SKU) level. As our research focused on product flows at the higher aggregate market segment level, 

we do not have insight into how particular SKUs flow from manufacturer to end customer.   The model 

could be adjusted by inputting SKU-level data to gain insight into potential cost savings opportunities. 

Taking this more granular view could produce some interesting learnings regarding SKU volumes, 

timing of shipments, or demand concentration among customers.   Carlstar could then be in a better 

position to act on these insights as making changes to how a SKU flows could be much more easily 

implemented and cause less disruption than making changes to how market segments flow. 
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Third, Carlstar should further investigate the optimization of the flow of products assembled at a 

DC. As these products were excluded from scope, it could be a potential opportunity to further analyze.  

In additional to assembled products, Carlstar should look to further minimize the number of finished good 

products shipped between its DCs.  In 2017, the company shipped more than 1.4M product units between 

its DCs in both the US and Canada. In 2018, the units shipped between DCs dropped to less than 

800,000.  While we assume this decreasing trend to be favorable from a cost perspective, we believe 

that Carlstar could drive this number even lower.  The company could benefit by investigating further into 

the drivers of DC to DC shipments.  With a better understanding of these drivers, Carlstar could 

potentially adjust business operations that eliminates this arc and reduces total costs.  

Lastly,  Carlstar should seek the use of more robust supply chain software to further optimize its 

supply chain network. While our Excel-based model provided insights into the impact of tariff and 

transportation rates on recommended flows, it has limitations and requires a purchased add-

in.  Carlstar could benefit by utilizing a more technologically advanced and easy to use supply chain 

software like Llamasoft or GT Nexus. While enterprise software does come with a price, the cost could be 

mitigated by potential savings generated by implementing change based on software results. 

6. Discussion 
Through multiple runs of the mixed integer linear program (MILP), we were able to gain a better 

appreciation of Carlstar’s supply chain resilience when confronted with tariff and transportation 

variability.  Their current transportation flow is good, although there is room to drive for greater cost 

savings and efficiency.  It would be mutually beneficial for Carlstar to work with their top 10% of 

customers in terms of volume and coordinate direct from supplier shipments.  Shipping directly from the 

manufacturer to their customers is often the most cost-effective solution, even if the container would not 

be fully utilized.  While the optimal solution was not as reactive as anticipated to changes in tariffs, 

should tariffs climb to 15%, it may become more cost effective to ship good manufactured in China 

directly to Canada.  Utilization rate of these containers would have to be analyzed however.  We did not 
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see significant changes in the optimal transportation flow in response to transportation rate fluctuations.  

This indicates there is more resilience in the transportation network design and does not require frequent 

adjustments once an optimal flow is identified.  The transportation flows were also not very reactive to 

fluctuations in demand, so the optimal flow would serve Carlstar well for both their regular and high 

seasons.  As demand increased, however, it did become more cost effective to ship direct to the customer.  

The model was, however, very reactive to changes in the handling costs.  The optimal solution without 

handling costs utilized a transportation structure that was much more efficient than the flows that had to 

consider handling costs.  It is recommended that Carlstar investigate the handling costs at each location 

and for each market segment.  The newly calculated handling costs could then be entered into the model 

to gain greater clarity into the most cost-effective flow network.  It can be concluded that outside 

influences did not materially change the optimal flows for Carlstar as much as influences under Carlstar’s 

control.  The largest levers, handling costs and demand, are functions that Carlstar has the most control 

over.  Thus, Carlstar is in a great position to weather swings in both transportation and tariff rates.   
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8. Appendix 

8.1 Updating Model for Additional 3-digit ZIP Codes 

Expanding the model to include demand for a new 3-digit ZIP code requires a fair amount of 

manual work.  To accurately update the model, one needs to 1.) identify the new 3-digit ZIP code 

associated with the demand 2.) identify the latitude and longitude for each new 3-digit ZIP and 3.) 

determine the distance between the 3-digit ZIP and the node shipping to it.  To begin, one needs to get 

updated customer shipment data as this is the demand source file. Our key contact that provided us with 

this info were Tammy and Sandy. Due to file size and limitations with Excel, Tammy/Sandy provided us 

with separate monthly files.  To make the analysis easier, we aggregated the twelve files into one file 

using Python programming and the free online Anaconda software application.  Other alternatives to 

aggregating the monthly data using only Excel might exist, but would require a significant amount of 

time-consuming work and are most likely not feasible from a time management perspective.  That said, 

the following key steps are required to determine the quantity of product units received by a 3-digit ZIP 

Code and the distance between a newly identified 3-digit ZIP and another node.  Please note, these steps 

assume that the raw data pulled and provided by Sandy/Tammy is in the same Excel format as provided to 

the MIT team: 

  
 

1. To determine quantities shipped to a 3-digit ZIP code: 
 

o Add columns next to the “Business Unit Postal Code” and “Ship To Postal Code” 

columns 

o In these new columns, add a LEFT formula to capture the first three digits of the ZIP 

code in the “Business Unit Postal Code” and “Ship To Postal Code” columns 

o Next, we recommend creating a pivot table to look at the “Quantity Shipped” column and 

the newly created “Ship To” 3-digit ZIP column to identify how many units of product 

were shipped to each respective 3-digit ZIP code 
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o Based on this information, the user can then decide which 3-digit ZIPs to include in the 

model. 

 
2. To determine latitude and longitude of a newly identified 3-digit ZIP code: 

o As part of the Capstone deliverable, we will provide Carlstar with a source file that 

contains the latitude/longitude combinations for nearly 900 US-based 3-digit ZIPs. A 

simple VLOOKUP formula can be used with this file to identify the latitude and 

longitude pairs for each of the newly identified 3-digit ZIP codes. Unfortunately, this file 

provides only US 3-digit ZIP code information. For Canadian 3-digit ZIPs, the 

latitude/longitude can be determined manually using Google maps. 

  
3. To determine the distance between a newly identified 3-digit ZIP code and another node: 

o Similar to the latitude/longitude source file, we will provide Carlstar with an Excel model 

that calculates the distance between two sets of latitude and longitude using the Great 

Circle Calculation. The user simply needs to input a latitude and longitude pair for an 

origin and destination in the respective columns, and the model will calculate the distance 

between the two nodes.  This distance calculated can then be input into a distance matrix 

within the model. 

 

7.2 Summary of Key Assumptions  

The following bulleted list details the key assumptions used in the model: 
 

o AGC unit averages: $88.27 (cost), 51.4 lbs. (weight), 5.2 cubic ft (volume) 
o HST unit averages: $32.80 (cost), 22.3 lbs. (weight), 2.0 cubic ft (volume) 
o OPE unit averages: $18.79 (cost), 12.6 lbs. (weight), 1.6 cubic ft (volume) 
o POW unit averages: $31.80 (cost), 20.4 lbs. (weight), 3.0 cubic ft (volume) 
o STW unit averages: $30.40 (cost), 26.5 lbs. (weight), 1.1 cubic ft (volume)  
o $1.80 per mile for truckload rate 
o $3.60 per mile for drayage rate 
o 10% handling cost (based on the cost to produce the item) across all DCs 
o 10% tariff rate for China to US shipments 
o FEU volume constraint = 2,387 cubic feet (Used as the binding constraint)  
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o FEU weight constraint = 40,000 lbs. (Was not used as a constraint 
o TL volume constraint = 3,800 cubic feet (Used as the binding constraint) 
o TL weight constraint = 44,000 lbs (Was not used as a constraint) 
o Max units per FEU: 

§ AGC = 468 
§ HST = 1208 
§ OPE = 1560 
§ POW = 810 
§ STW = 2103 

o Max units per TL: 
§ AGC = 729 
§ HST = 1886 
§ OPE = 2392 
§ POW = 1288 
§ STW = 1659 

o Customer 3-digit ZIPs listed in model received a minimum of 12 TL shipment/year 
 
 


