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Introduction 
 

Welcome to the 2022 MIT-Zaragoza Masters of Engineering in Logistics and Supply Chain 
Management Research Journal! 

 
The seven papers included in this journal were chosen from the eleven projects submitted 
by the class of 2022 at the Zaragoza Logistics Center. The articles are written as executive 
summaries and are intended for a business, rather than an academic audience. 

 
The purpose of the executive summaries is to give the reader a sense of the business 
problem being addressed, the methods used to analyze the problem, and the relevant 
results, conclusions and insights gained. The complete projects are, of course, much more 
detailed. We have also included a complete list of this year´s projects with short 
descriptions at the end of this journal. 

 
The articles in this publication cover a wide range of interests, approaches, and 
industries. This variety of topics illustrates one of the hallmarks of the MIT Zaragoza 
program; the students´ ability to focus their course work and research on topics that most 
interest them. 

 

These projects are conducted in conjunction with the Zaragoza Academic Partner (ZAP) 
Program, an initiative to enhance applied research and closer industry-academia 
relationships in the field of supply chain management. 

 
The ZAP Program gives MIT-Zaragoza students the opportunity to work closely with 
industry professionals on actual supply chain problems, and gives companies an 
opportunity to interact with a student or student team along with a professor as expert 
thesis advisor who together bring new insights and approaches to a current supply chain 
project. 

 
We hope you enjoy the articles. If you wish to discuss any other aspect of the program or 
wish to find out how your company can interact with our students, please do not hesitate 
to contact me directly. 

 
 

Happy reading! 

Marta Romero 
Director of International Masters 
Zaragoza Logistics Center 
mromero@zlc.edu.es 
www.zlc.edu.es 
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KEY INSIGHTS 

1. The results from the cost-benefit analysis show 

that a Smart Locker solution is indeed a viable 

investment, especially in areas with a higher 

density of customers. 

2. Major benefit of this solution is the savings in 

shipment costs as spare parts can be shipped 

via ground (and stored in lockers) instead of air 

(due to ~60% difference in shipping rates) 

3. Resolution time saving of ~1.5 hr per dollar 

invested can be realized by implementing such a 

solution 

Introduction & Research Objective 

The technology industry is in an increasingly 

competitive business environment, with a tendency to 

have shorter product life cycles, due mainly to 

technological advances. This in turn is increasing the 

importance of supply chain networks. Flexible, 

reliable, and resilient designs are sought after to meet 

customer expectations quickly and efficiently. 

Considering this highly competitive market, after-sales 

service has become a key success factor in today’s 

marketplace. One of the most important aspects of 

after-sales service is that in case of any breakdown, 

the company not only provides technical support but 

also ensures a positive customer experience. In the 

print industry, one way to achieve this is by providing 

the customer with the correct spare parts in a short 

amount of time so that customers can return to regular 

operations as soon as possible. 

This project focuses on the assessment of the after-

market spare parts network of a large multinational 

printer company (+$60 billion revenue) for its 

commercial customers in the USA. The company has 

a field engineering team to manage the customer 

issues on-ground, who visit the customer locations to 

fix the issues. Spare parts are generally carried by 

these Field Engineers (FE) in their SUVs/Vans but at 

times when they run out of on-hand inventories, they 

raise requests to the warehouses in the country to 

send them the parts. A third-party logistics provider is 
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responsible for managing the last-mile delivery of 

these spare parts to the FEs. The scope of this thesis 

is limited to the network and operations in the USA to 

provide the optimal network design, especially in the 

last mile of the network to provide correct spare parts 

to the FEs in a short amount of time.  

Methodology & Solution Approach 

As the main objective of the project is to improve the 

resolution time, reverse logistics facilities, processes 

and flows are not being considered, since forward 

logistics is the main contributor. Also, looking at the 

different echelons within the supply chain, high-level 

studies were conducted at On-Site Service Provider 

(OSSP) and Field Stocking Location (FSL) levels, but 

the main focus of the proposed solution was the Last 

Mile. 

To develop an innovative and applicable solution, 

aligned with the objectives and scope of the project, 

current process details and data needed to be 

gathered and substantially discussed to be able to 

detect the main supply chain-related problems when it 

comes to after-sales service. 

For these purposes, detailed spare parts shipment 

and last-mile data over the second and third quarter of 

2021 (6 months) were collected, and weekly meetings 

with the company team were conducted, to further 

discuss and agree on certain assumptions, and 

validate parameters and solution approaches. 

Additionally, three meetings with the company 

steering committee were conducted throughout this 

project, to define the final scope of the project, validate 

assumptions, define the main deliverable, propose 

new ideas, and give important insights into the current 

operations, strategy, and vision of the company. 

To be able to study, comprehend, model, and build 

scenarios, relevant data sets had to be collected from 

different companies’ systems. Some examples of 

important data sets used in this project are: Shipment, 

Last Mile, Proof of Delivery, Delivery Rates, and FE 

Location data. 

Understanding Current Network Design 

The company’s current aftermarket network is a multi-

echelon type with new spare part flows originating 

from suppliers in China, Hong Kong, Taiwan, 

Malaysia, Thailand, and Singapore. The spare parts 

then move from these suppliers to On-Site Service 

Providers (OSSP) and Country Hubs (CHUB) which 

are major warehouses in the USA. Two OSSPs in 

California receive parts from the Asian suppliers 

whereas the other three OSSPs in Ohio, Virginia, and 

Texas self-import the parts. Depending on the 

customer type and location, new spare parts are 

either shipped directly to customers via 3PL providers 

or shipped to Field Stocking Locations (FSL), which 

are minor warehouses spread across the USA (~130 

of them) where parts are stored. FSLs are primarily 

used to send parts to FEs via 3PL providers or to 

customers directly. The parts transported via 3PL 

providers are typically dropped at a drop-off location 

where the FE visits to collect the packages and later 

fixes printers at the customer location. 

Smart Locker Solution 

Looking at the last mile and recent innovative 

solutions offered by 3PL providers, a solution 

considering Smart Locker for Last Mile was proposed, 

as a way to improve resolution time while also 

improving FEs efficiency. A potential to improve the 

last mile of the spare-part delivery was identified since 

there were significant costs involved in the last mile 

with quite a few inefficiencies in the process of 

delivery of spare-part to the on-ground FE. The FEs 

were spending considerable drive time picking up the 

spare-part from the warehouses and fixing the 

printers at the customer location. Furthermore, there 

were significant costs involved in sending overnight 

flight shipments from the OSSPs to the drop-off 

locations near FEs. 

To reduce the costs involved in sending priority 

shipments to the FEs and to reduce the drive time by 

FEs, a Smart Locker (SL) solution was proposed. A 

Smart Locker is supposed to act like a micro-

warehouse for the FEs in a given location with storage 

capacity for high-demand spare parts. These lockers 

can be replenished via ground shipments instead of 

priority air shipments and they can be placed in a 

location optimally close to the customers. Figure 1 

shows an illustrative representation of a Smart 

Locker. 

 

 

Figure 1: Smart Locker, illustrative image. 

 



Geography & Material Selection for PoC 

To assess a Proof of Concept, the geography with the 

zip code with the most volume of spare parts shipped 

during the 6 months was selected. To address which 

materials to store in a Smart Locker and the Number 

of Compartments (NCi) to be assigned to each 

material i, priority was given to the parts with more 

volume shipped to Zipcode 21090 within the 6 

months. Compartment assignment was conducted 

following a round-up policy based on Average 

Demand over Lead time. Therefore, NCi was 

calculated as per Equation 2. 

 

On the other hand, to assess the random nature of 

demand, each Material's Demand was considered as 

Poisson distributed (Cachon and Terwiesch, 2020). In 

this case, since Smart Locker replenishment is going 

to be made by Ground, the period of interest to 

calculate the number of compartments is Ground 

Shipments Lead time (LT) of 5 days. Then, to calculate 

the achieved Service Level for each material 

according to Poisson demand, Equation 3 was 

considered. 

 

Results 

A detailed cost-benefit analysis was performed by 

quantifying the benefits of such a solution and the 

costs involved in implementing the solution. The 

sections below detail the benefits, costs, and the 

overall cost-benefit analysis performed to analyze the 

Smart Locker solution. 

Smart Locker Benefits: Cost Savings 

The proposed solution approach has several 

opportunities for cost savings that have been 

identified. The main activities that contribute to cost 

savings are: Material Shipment, Field Engineer 

Transportation, and Field Engineer Labor. 

Significant cost savings can be achieved in Material 

Shipment if there is proper inventory in place since 

replenishment can be done via Ground shipments 

instead of using Priority Overnight or Next Day Air 

airfreight services. 

Based on the service level achieved from the 

compartment allocations for each material stored in 

Smart Lockers, and the savings in the shipment costs 

due to ground shipments, overall savings are 

calculated for different Smart Locker configurations. 

Tables 1 and 2 show the details in savings due to 

shipments for one and two Smart Lockers 

respectively. 

Table 1: Shipment Cost Savings for different configurations of one Smart Locker. 

 

Table 2: Shipment Cost Savings for different configurations of two Smart Lockers. 

 



Complementary, Figures 2a and Figure 2b show the 

total yearly shipping cost savings when implementing 

a solution with one or two Smart Lockers respectively, 

with different configurations (number of add-on 

modules), from the simplest one to the biggest 

configuration to match the whole demand in the PoC 

selected location. It can be observed from the figure 

how incremental savings of adding add-on modules 

decrease as the number of modules increases. 

Cost savings are also realized due to optimal 

placement of Smart Lockers in the area which 

reduced the overall drive time of the FEs thereby 

reducing overall costs involved in Field Engineer 

Transportation and Field Engineer Labor. The optimal 

location of the Smart Locker has been identified by 

running a Llamasoft - Supply Chain Guru X Model 

(Coupa Software Inc., 2022) for the given customer 

and FE locations. Table 3 shows cost savings in Field 

Engineer Transportation and Field Engineer Labor. 

To optimally place the Smart Locker in the region 

identified for the PoC, a Greenfield Analysis was 

performed, which gives a list of possible locations for 

placing a Smart Locker, post which a Network 

Optimization was performed in the software to get the 

optimal location of the Smart Locker. The Network 

Optimization model ran in Llamasoft is a Multi-

Commodity Two-Echelon (MCTE) location problem 

(Ghiani et al., 2013) with a constraint on the number 

of Smart Lockers to be created.  

Figures 3 and 4 show the optimal placement of one 

and two Smart Lockers respectively in comparison 

with the pick-up/drop-off (PUDO) location where the 

FEs currently visit to pick up spare parts. 

 

Figure 2: Location of PUDO vs Optimal location of one 
Smart Locker. 

 

Figure 3: Location of PUDO vs Optimal location of two 
Smart Lockers. 

 

 

Figure 4: Shipment cost savings per different Smart Locker Configurations. (a) Results for one Smart Locker, (b) Results 
for two Smart Lockers.



Table 3: Savings in Labor and Transportation Cost for 
different configurations. 

 

Smart Locker Benefits: Time Savings 

Having a Smart Locker in a given location helps FE to 

quickly pick up the required spare parts without 

waiting for the spare part to arrive the next day once 

they place an order for it. An average saving of ~25 

hours in shipment time has been identified currently 

for a given shipment that is ordered from an OSSP. 

Smart Locker Costs 

To implement the proposed Smart Locker solution, 

One-time Investment and Recurring costs associated 

with the Smart Locker physical units and operational 

expenses have to be incurred. 

• One-time Investment: 

The following cost components were 

considered to calculate the overall One-time 

Investment: Hardware, Configuration, Shipping 

and Installation, and Customization. 

• Recurring Cost:  

The following cost components were 

considered to calculate the overall Recurring 

cost: Smart Locker Software, Transaction Fee, 

Site Rental Cost, Labor Cost, and Inventory 

Holding Cost. 

Cost-Benefit Analysis 

To understand the impact of the proposed solution 

from a cost and resolution time standpoint, scenarios 

for one and two Smart Locker implementations with 

two or three Add-on Modules were studied through an 

investment valuation using a Net Present Value 

(NPV) analysis and then compared with resolution 

time-saving estimates, using a horizon of 5 years. 

The considered cash flows involve both types of 

Smart Locker Costs, One-time (Base Unit, Add-on 

Modules, Configuration, Shipping, and Installation) 

and Recurring (Inventory Holding Cost, Smart Locker 

Software, Transaction Fee, Site Rental Cost, and 

Labor Cost), and also the savings corresponding to 

FEs' Transportation & Labor Savings and Shipment 

Savings. 

Regarding the assumptions used in this study, a 5% 

inflation rate was assumed for updating some annual 

flows such as: Site Rental costs, Labor costs, and 

Shipment Savings, which normally vary from one year 

to the other with the inflation or a percentage close to 

it. On the other hand, Cost escalations were 

neglected for other Smart Locker-related costs, as 

these flows were assumed to be attached to a 3PL 

provider's contract with fixed rates. Another important 

assumption is that the demand was assumed to be 

fixed during the 5 years. Further, no initial inventory 

investment was considered at the start of the project 

since the inventory value is relatively low, and the 

inventory can be transferred from OSSP/FSLs to the 

Smart Lockers. 

Table 4 summarizes the Financial evaluation of the 

Smart Lockers under each scenario and compares 

how a different number of Smart Lockers and 

modules behave in regards to NPV and the main 

objective of this project (i.e. Resolution Time Saving).  

Table 4: PoC Cost-Benefit analysis summary. 

 

It could be observed from the results, that the main 

contributor to Saving flows is Shipment Savings, due 

to the high-cost difference between the Airfreight 

services currently used versus Ground Shipments 

proposed for this solution (~62% of tariff difference) 

and the considerable volume of materials shipped for 

pick up to the destination studied. Also, when it comes 

to Adding modules to any of the studied configurations 

(1 SL or 2 SLs), even though the investment for the 

case of three Add-on Modules is greater than for two 

Add-on Modules, scenarios with three Add-on 

Modules have a payback of 1 year less, having a 

significantly greater NPV. 

Moreover, the main difference between the cases with 

one and two Smart Locker is the greater investment 

incurred in the latter, mainly because of the greater 

number of modules to be installed (Base Units + Add-

on Modules). Furthermore, it is observed that in these 

scenarios Labor Cost doubles, since one worker is 

needed at each smart locker location. Another aspect 

to be highlighted is that the savings related to flows 

are greater compared to the first two scenarios, mainly 

because of a more beneficial Smart Locker location 

and a higher volume of materials covered with these 



configurations. Nevertheless, worse financial results 

are achieved for the analyzed scenarios for two Smart 

Lockers, with a Payback of 5 and 4 years (for two and 

three Add-on Modules respectively) and NPV that 

does not exceed the scenario with one Smart Locker 

and three Add-on Modules (NPV=$14,334). 

It can be observed from the summary that the greater 

the percentage of demand covered under each 

scenario, the greater the Resolution Time Savings. 

However, the scenario with the highest coverage (two 

Smart Lockers and three Add-on Modules) is not the 

one with the highest NPV, being overtaken by the 

scenario with one Smart Locker and the same 

configuration. These results mean that the resources 

are more efficiently utilized under a single Smart 

Locker configuration, and even scenarios adding 

more than three modules to the single configuration 

look promising to be studied. 

Conclusions & Recommendation 

The purpose of the project was to identify ways in 

which the overall resolution time for the customers can 

be reduced while also reducing the last mile logistics 

cost. To fulfill this purpose, a study on the Smart 

Lockers solution was finalized to test the viability of 

such an initiative and to analyze its costs and benefits 

in detail. 

Results from the study have shown that on-site spare 

parts inventory solutions like Smart Lockers, Smart 

VANs, Micro warehouse solutions, or similar options 

could be viable and efficient alternatives and can help 

a company's supply chain become more responsive, 

an aspect that is very important for Customer Service. 

Nevertheless, to be able to develop such tools close 

to optimal, improvements have to be done regarding 

data availability and accuracy, so reliable and 

representative demand data can be gathered, and 

goodness of fit test can be done to better approach the 

random nature of spare-parts demand. 

For the Smart Locker Solution Proof of Concept, from 

the cost-benefit analysis results, it could be observed 

that Cost Savings can be achieved while improving 

Resolution time significantly. From the analyzed 

scenarios, the ones implementing one Smart Locker 

resulted to be more efficient savings in Resolution 

Time with a rate of ~1.5 [hrs/$] compared to 1.2 [hrs/$] 

and 1.1 [hrs/$] for Solutions with two Smart Lockers 

for two or three Add-on modules respectively. 

Moreover, the fact that increasing from two Add-on 

Modules to three in a one Smart Locker configuration 

makes NPV also increase is an auspicious signal that 

building other scenarios with more modules would 

lead to more efficient solutions. 

Since the PoC for one location showed promising 

results, the recommendation would be to start 

engaging with the operational teams to validate the 

results and to understand the operational viability of 

implementing such an initiative. Some of the most 

important challenges faced during the entire study 

were mainly due to the unavailability of clean and 

structured data. Focusing efforts to improve 

compliance in data-tracking and automating these 

processes to capture accurate data across the supply 

chain team could help the company tremendously to 

perform diagnostic studies quickly and accurately. 

As a conclusion from this study and in light of the 

results obtained, the authors recommend the 

company explore the Smart Locker Solution approach 

to improve last-mile operations, due to the double 

benefit obtained in terms of customer service level 

(Resolution Time) and significant cost savings.  
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KEY INSIGHTS 

1. The proposed model demonstrates a viable 

method to flexibly solve complex production 

planning problems leveraging real-world data. 

2. It allocates products to machines at the optimal 

time that balances the inventory holding cost 

and electricity consumption cost  

3. The model shows significant electricity savings 

(11.7%), carried inventory value (58% 

reduction), while maintaining the same level of 

sales (99.99998% of actual) 

Introduction 

Our thesis explores the Sequential Decision Analytics 

framework and applies it to our partner organization, a 

Portuguese Rubber Tire manufacturer, to  

 

 

 

 

demonstrate the real-world utility within highly energy 

intensive manufacturing processes. The partner 

organization has mapped their factory process in 

accordance with Multi-layer Stream Mapping (MSM), 

based on Value Stream Mapping (VSM), which 

incorporates tracking inter-shift variability and energy 

use at each stage of the production process. The data 

structure has allowed the organization to gain valuable 

production planning insights once those analytical 

models are developed. Appropriately, a core objective 

of this thesis is to show the value analytical models 

can provide after implementing MSM type processes.   

The partner organization sources their energy 

through a mix of their photovoltaics (PV) technology 

installation & the Iberian Energy Spot market MIBEL. 

Previously, they had a fixed energy contract which 

was leveraged until expiration in June of 2021. Since 

then, they have had to experience dramatic swings in 

their realized energy prices with realized prices being 

up to 300% on average of the previously fixed rate 

(1900% peak increase in hourly rate).  

Sequential Decision Analytics for Multi-

Product Production Planning under Energy 

Price and Manufacturing Uncertainty 

 Anzar Kamdar, Rolando Fuentes Ruiz, Valeriya Shevtsova 

Thesis Advisor: Milos Milenkovic 

 Summary:  

The paper will seek to prove the utility of a complex stochastic production planning optimization model in a 

real-world scenario that incorporates energy price uncertainty. 
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The Sequential Decision Analytics Framework is 

tailored for the scope of load balancing production 

planning of two mixing machines used by the partner 

organization and the respective ~250 products that 

demand capacity from these machines. 

Considerations for extending this model for a live 

deployment are explored and the paper concludes 

with a discussion on how to incorporate continuous 

stochastic modelling. The latter includes a proposition 

of a novel Monte Carlo Simulation approach for future 

research.    

Problem definition 

The partner organization’s energy intensive 

manufacturing process is a driving force to explore a 

data-driven complex analytical model and operate 

more efficiently and effectively. Having integrated 

muti-layer stream mapping, they can curate and 

explore granular data such as energy consumption, 

batch manufacturing time, and batch yield metrics 

which are broadly available with precise timestamps. 

They exhibit a multi-product environment of ~250 

products with natural time-bound constraints (24 

hours) across 3 mixing machines and an extrusion 

machine. The production of these items leads to 

variable electricity demand that they currently source 

through a mix of the Iberian Electricity Spot Market 

(MIBEL) and their own Photovoltaic installation at the 

facility that can generate up to 25% of their monthly 

energy demand.  

Within this context, the partner organization seeks to 

quantify the cost performance opportunities that can 

be achieved by integrating a complex analytical model 

on their production schedule and energy requirements 

and to understand the considerations around model 

deployment and future maturation.  

Model Description 

To demonstrate the potential performance 

improvement of complex analytical models, we will 

tailor the recently developed Sequential Decision 

framework to the partner organization's context. 

Modelling the problem as a sequential decision 

enables a large potential to incorporate various 

support models to continually increase the model’s 

robustness and scope.    

This approach allows for a reasonable solution to the 

multi-product multi-period problem exhibiting high 

levels of uncertainty throughout the manufacturing 

process. A Sequential Decision Analytic approach has 

the benefit of continually being refined by integrating 

learning models so that future forecasts and 

projections get improved over time. As such, the 

framework solves for multi-period complications 

without needing to set a finite timespan. This 

culminates in a profit maximization linear optimization 

model that would be run periodically with new 

observations (data) which realized/made available.   

Our developed model centrally leverages 2 mixing 

machines and related products with deterministic 

demand over a performance assessment period 

starting from the end of the partner organizations 

energy contract, June 2021 to February 2022. In 

addition, supporting learning models that leverage the 

Sequential Decision Framework are also formulated. 

However, the performance improvements of our 

assessment will not ultimately be impacted by the 

learning models as they would require a live 

deployment to be fully realized. In conclusion, our 

developed model, referred to as Model 2, will be 

compared to the realized results of historical decisions 

(Model 0) and to an ideal energy load shifting 

approach without other production considerations 

(Model 1) over the assessment period.   

 

Figure 1 Model 2 Design 

Model 2, conforming to the universal sequential 
decision analytics framework contains 5 key elements:  

• State variables  

• Decision variables 

• Exogenous information 

• Transition function  

• Objective function  

State variables could be simplistically described as all 
the elements required to deploy a model and are 
known at the time of optimization. Within our model 
these are notably:  

• Inventory stock levels 

• Weekly deterministic demand per product 

• Spot Market Electricity Price  

o Available over an optimization horizon 
for each optimization event. 

• Belief State Variables 

o The latest best estimates of anticipated 
outcomes.  



o Includes Yield, Electricity Consumption, 
and Manufacturing time per unit of any 
given product manufactured.  

• Photovoltaic Energy Production Forecast 
(Provided from an external forecasting data 
source) 

The Decision Variables are what the optimization 

model effectively adjusts translating to product 

manufacturing allocations on a particular machine at a 

specific work shift and time period. While modelled, 

exogenous and transition functions do not impact our 

developed Model 2. However, we felt their inclusion 

serves to highlight the adaptability of the formulation.    

Data Collection and Structure 

The partnering organization currently works in a MTO 

manner without any formal production planning or 

optimization process. However, at the same time they 

are quite advanced in terms of digitalization and data 

collection processes. There was a significant 

challenge in stitching together data from 

heterogeneous data sources into a combined view of 

the overall production supply chain. We were able to 

do so by consolidating PLC/IOT sensors from 

machines measuring electricity consumption and real-

time production rates, to MES data providing detail 

production order data, to ERP system showing the 

actual sales, production orders, and inventory 

movements, as well as external data sources such as 

spot market rates, and PV/weather forecast data. A 

real-time webscraping script was used against a web 

service portal for the manufacturer and external data 

sources to continuously update and refresh data and 

serve as a foundation for an online deployment in the 

future. 

 

Figure 2 Data Systems Overview (Provided by Sponsoring 

Company) 

 
 

Results 

Table 1 Results Summary for Models provides 

a summary of the results from Model 1: a pure 

electricity load shifting model that simply allocates the 

electricity consumption within a month to the best time 

of consumption rates from the electricity spot market 

and self-production of electricity through PV, and 

Model 2: an integrated production allocation model 

that incorporates variable energy costs from the day-

ahead spot market. By integrating the cost of 

electricity and time of consumption into a production 

planning model with inventory costs (20% annual 

holding cost assumed), we can realize significant 

electricity savings (11.7% savings in electricity costs 

that amount to 1.5% of overall margin), inventory 

holding cost (nearly 58% reduction in average carried 

inventory value), while maintaining essentially the 

same level of sales (99.99998% of actual).  

Table 1 Results Summary for Models 

Model 1 Pure Electricity Load Shifting  

Change in Electricity 
Cost (€)  

-10% 

Model 2 Deterministic Model with Integrated 
Production Planning, Inventory Cost, and Electricity 

Cost  

Change in Electricity 
Cost (€)  

-11.7%  

Change in Overall Sales (kg)  -0.00002%  

Change in Overall Sales (€)  -0.00002%  

Change in Average Inventory 
Value  

-58.14%  

Figure 3 and Figure 4 show a deeper dive into the 

change in held inventory and allocation production 

allocation/schedule difference, respectively between 

the model and actual. Our optimization model 

allocates products at the optimal time that balances 

between the inventory holding cost and electricity 

consumption cost as well as meeting demand 

constraints for all other products that require the 

resource/mixing machine.  

 

Figure 3 Carried Inventory Value Reduction 



 

 

Figure 4 Production Allocation Variation 

Sensitivity Analysis 

A sensitivity analysis was conducted to test the 
robustness of the model, by varying the Cycle 

Service Level (from no safety stock to 3) and 
inventory holding cost % (from 0-30). As informed by 
intuition, having lower inventory holding cost results 
in larger electricity savings yet even at higher 
holding cost values, there are significant electricity 
savings to be availed. 

 

 
Figure 5 Sensitivity Analysis for Model Objective 
Value/Profit Function 

 
Figure 6 Sensitivity Analysis for Carried Inventory 

Reduction & Electricity Savings 

Stochastic modelling 

The previous modelling elements can be developed 

even further with the inclusion of stochastic modelling 

that shifts the objective from a deterministic 

optimization to an optimization of expected values 

over various uncertain parameters. That is, to expand 

the model to include risk measures and uncertainty 

criteria.  

To test such a model would require online field testing 

or the development of an offline simulator. As it is not 

possible to do field testing within the scope of this 

thesis, we have explored the simulator approach and 

will propose various approaches to be considered for 

future research.  

Conclusions 

In addition to quantifying the financial and business 

opportunity at hand by integrating variable energy 

prices into an integrated production planning model, 

we also lay the groundwork for an online model that 

can incorporate nonstationarity and learning for 

stochasticity in variations of electricity consumption 

and production yields across different production 

shifts and operators across all products and expected 

PV yield based on weather irradiance data. A live data 

connection through a web service has been built to the 

various systems (IOT data, ERP, MES, PV irradiance, 

Spot Market Prices both Day-Ahead and Intraday), 

that can enable such an online model. Future work will 

be focused on successfully implementing this online 

learning model that can provide the production 

allocation decisions as required with the availability of 

new exogenous information (changes in electricity 

pricing), as well as deviations in production yields and 

actual energy consumption due to different shifts, 

product mixes, and operator knowledge.  

We believe there is a natural expansion of the model 

available where more experienced shifts can be 

allocated to more energy expensive time of day (there 

is a variation of 20-40% in intraday electricity prices 

between the midnight-6am shift vs. the 6 pm-midnight 

shift), as well as leveraging the intra-day and 

continuous market for energy arbitrage by buying 

required or selling unused in addition to electricity 

bought in the day-ahead market the previous day. This 

expansion of the model must be carefully handled in 

conjunction with actual operations and capabilities of 

our partnering organization.   
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KEY INSIGHTS 

1. Achieving higher customer value and low cost 

involves matching supply and demand.  

2. Successful production planning requires fixed 

allocation rules and balanced trade-offs between 

capacity utilization, inventory, and cycle time. 

3. Product wheel levels volume and product mix to 

minimize the chances of capacity overload.  

 

Introduction 

Supply chain management aims to deliver superior 

customer value at the less cost possible (Christopher, 

2016). However, achieving higher customer value and 

low cost involves matching supply and demand, which 

represents a complex task for nearly every company 

worldwide. Often demand is volatile, and supply is 

constrained, while the overall exercise involves a 

meticulous balancing of capacity, inventory, and lead 

time. Two basic approaches have been applied to 

cope with the supply and demand matching problem. 

The first approach proposes the build-up of inventory 

to hedge against demand fluctuations. While rising 

stocks can potentially minimize the capacity 

investment requirements, it can also increase cycle 

time and costs. The second approach suggests 

expanding the capacity to produce on-demand. 

Whilst, this strategy would reduce inventory holding 

costs, it could increase capacity investment 

requirements and affect cycle time under fluctuations. 

  

The emerging trade-offs resulting from these two 

approaches are known as the balancing act in supply 

chain and operations management. Finding the 

balance between capacity, inventory, and lead time is 

critical to addressing uncertainty and resolving the 

supply and demand mismatch.  
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This thesis introduces a straightforward approach to improve overall business performance in specialty chemical 
industry.  It solves the production planning problem applying the product wheel concept. By defining clear 
capacity allocation rules and balancing the trade-offs between capacity utilization, inventory, and cycle time, it 
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Problem 

The sponsor of this thesis is a specialty chemical 

company operating worldwide. The firm is organized 

into four business units (BU) and attends to the needs 

of multiple industries downstream. This thesis focuses 

on the operations of one of those BUs, and specifically 

on one product portfolio, for which the mismatch 

problem between supply and demand has been 

exacerbated over the last couple of years. 

A direct indication of the company's struggle to match 

supply and demand for the focal portfolio is a large 

number of production change requests or violations of 

the production plan over the last three years. Indeed, 

over 600 change requests were registered during 

2021, meaning a 321% increase compared to the 

previous year. 

 

 
 

This increase in change requests has affected the 

overall performance of the milling network, reducing 

the capacity utilization to roughly 50% (technical 

capacity minus changeovers, planned stops, and 

other stops) and consequently increasing the 

changeover time. It has also negatively affected lead 

time, increasing the median by 90%. The percentage 

of orders delivered on time and as agreed with the 

customer (what is termed "perfect order") was, on 

average, about 29% during 2020 and 2021. Likewise, 

the overall equipment efficiency has been affected. 

 

The situation described has prompted the main 

question to be addressed in this thesis: How to 

allocate and better utilize operational assets to 

improve overall business performance? 

Methodology 

The product wheel concept was applied through a six-

step methodology to tackle the sponsor's main 

question. We started by collecting data and 

performing a thorough analysis to identify the pain 

points, bottlenecks, levers, key variables, and 

constraints. Thereafter, an analysis of the demand 

was conducted to define a suitable replenishment 

strategy (MTO or MTS). As a third step, we analyzed 

the changeover complexity in-depth. We started 

designing the product wheels by identifying the 

sequence, potential frequencies, and cycles. During 

the design phase, we carried out a heuristic iterative 

process to determine the balanced wheels, taking 

strategic and technical aspects into account. Finally, 

the impact on inventory was calculated and compared 

with the current policy in place.  

Demand Variability and MTO vs. MTS Strategy 

The demand for the last two years (2020 – 2021) has 
been analyzed to identify high and low-volume 
products, key customers, and strategic segments. 
Additionally, the relative variability has been 
determined by computing the coefficient of variation.  
 

 
 

 
 
 
The relative variability computation helps us decide 

whether the product should follow an MTO or MTS 

strategy. Products with high relative variability 

(coefficient of variation) and low average demand 

should follow a make-to-order strategy. In contrast, 

products with low relative variability and high demand 
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should be made to stock. Producing the highest and 

most stable demand products to stock provides a 

consistent baseload for the mills. Thus, enabling to 

level the production.  

To help us decide the strategy, the matrix proposed by 

King & King (2013) has been applied. 

 

As a result, only a few products could have been 

matched to a strategy. To meet a decision for the 

remaining products, the stability of the demand was 

assessed. Likewise, each product's percentages of 

the total demand and its importance to the key 

customers and segments were considered. Therefore, 

it was decided that 19 products would be made to 

stock and six made to order. 

 MTO MTS 

Products 
P1, P3, P6, 
P15, P16, 

P28 

P2, P4, P7, P8, P9, P10, 
P11, P12, P13, P14, 
P17, P18, P19, P20, 
P21, P29, P30, P31 

Mill – Product Allocation 

Although the sponsoring company has provided a list 

of products that can be produced in each mill, an 

analysis of the last two years' production has shown 

that the mills have been producing products that were 

not on the list. Therefore, the list was revised with the 

sponsoring company, and some considerations 

concerning the demand for certain products have 

been considered. As a result, the following mill-

product allocation was defined: 

Mill Products  

Mill 4 P8 

Mill 6 P30 

Mill 7 P11 

Mill 8 P30, P8, P9 

Mill 9 P8, P9, P10 

Mill 10 P2, P4, P6, P16, P17, P18, P21 

Mill 11 P2, P4, P5, P6, P7, P8, P12, P13, 
P14, P15, P18, P29 

Mill 12 P2, P6, P7, P8, P18, P19  

Mill 13 P19, P20, P21, P28 

Mechanical P12 

Air Jet P1, P3, P6, P7, P17, P29 

Optimal Sequence 

From a heuristic approach, identifying the optimal 

sequence essentially means finding the shortest path 

through the end of production. Finding the best 

sequence combination in mills where two or three 

products are manufactured is not complicated. By 

trying different combinations, the minimum sum of 

changeover time represents the optimal sequence. 

While for mills manufacturing more than three 

products, TSP has been applied. The problem was 

formulated to minimize the total changeover time. 

Likewise, the loss due to changeovers was estimated: 

 

Mill 
Expected % of time lost due 

to changeovers 

Mill 4 3.27% 

Mil 6 2.81% 

Mill 7 3.74% 

Mill 8 26.20% 

Mill 9 14.97% 

Mill 10 67.37% 

Mill 11 61.13% 

Mill 12 44.91% 

Mill 13 44.91% 

Mechanical 4.64% 

Air Jet 37.43% 

 

The time spent in changeovers could reach 67% of the 

available time if the theoretical optimal sequence is 

applied within a wheel. Hence, it is necessary to find 

an alternative that indeed reduces the changeover 

time. 

 

Designing the Optimal Wheel  

To solve the problem faced by the sponsor, all of the 

following influencing factors have been assessed: 

- The economic wheel is based on the EOQ 
model. 

- The actual inventory policy 

- Minimum campaign size  

- Prioritization of products. 

Given that the minimum campaign size for different 

mill-product combinations varies defining the optimal 

wheel requires a heuristic approach that considers the 

precedent calculations as a base reference. 

A heuristic approach based on an iterative process 

has been performed to decide the optimal product 

wheel. As a starting point, the output of the EOQ 

calculation for high-volume products was used.  

Additionally, priorities have been defined considering 

the following aspects: 

- Contribution margin (COMA) 



- Growth rate 

- Available mills to produce the same product 

- Projected demand 

As an example, the optimal wheels for mill 11 are 

presented below: 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Impact on Inventory 

Implementing product wheels requires reviewing the 

inventory requirements upstream and downstream. 

On one side, MTS products require a stock nearly 

proportionally to the wheel time. While, theoretically, 

MTO products do not require stock, factors such as 

the minimum campaign size or MOQ (in this thesis) 

can force the company to keep some inventory. 

On the other side, the effectiveness of the wheel also 

depends on the availability of raw material or, in this 

case, intermediates. Every time a cycle starts, raw 

materials need to be ready to use. 

The inventory requirements for finished goods can be 

calculated through the following formula: 

𝑪𝒚𝒄𝒍𝒆 𝒔𝒕𝒐𝒄𝒌 = 𝑨𝒗𝒆𝒓𝒂𝒈𝒆 𝒅𝒆𝒎𝒂𝒏𝒅 𝒑𝒆𝒓 𝒖𝒏𝒊𝒕 𝒕𝒊𝒎𝒆
∗ 𝑾𝒉𝒆𝒆𝒍 𝒕𝒊𝒎𝒆 ∗ 𝑪𝒚𝒄𝒍𝒆 𝑭𝒓𝒆𝒒𝒖𝒆𝒏𝒄𝒚 

 

Considering the sponsoring company already has a 

policy in place, as addressed in chapter 6, a 

comparison between the inventory required (to 

implement the product wheel) and the average stock 

(2021) was made. The results indicate that the 

company's current cycle stock matches the product 

wheels requirements. However, two exceptions have 

been noticed. Two of the top sellers would require the 

company to increase its current cycle inventory. 

Nonetheless, these two products are manufactured in 

more than one mill, which could be translated into a 

lower frequency. 

In addition to the cycle inventory requirements, the 

safety stock needs have also been evaluated. A 

service level of 95% was assumed to compute the 

safety stock requirements. The computation highlights 

the necessity to review the current policy since the 

actual safety stock does not match the wheel 

requirements. 

Effect on Other Indicators 

The product wheel offers the opportunity to identify 

accurate lead times that may trigger the policy toward 
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the customers. High-volume products, for example, 

would be produced continuously. Hence, a lead time 

of two weeks is achievable. Even though low-volume 

products may require longer times, an accurate 

delivery period can be set. Likewise, minimum and 

maximum order quantities can be defined. 

Moreover, long-term and collaborative agreements 

can be signed. Indeed, out of 400 customers, only 14 

represent 80% of the total sales. Consequently, if an 

agreement is reached with them concerning lead 

times and quantities, 80% of the total demand could 

be known, opening the door for further improvements 

in the wheel concept, inventory policies, and capacity 

utilization and allocation.  

Another factor or topic to consider is cost. Indistinctly 

to the company's industry, costs are expected to be 

the lowest possible. Reaching this goal involves 

driving continuous initiatives towards improvement, 

such as the product wheel itself. By minimizing the 

number of changeovers and determining minimum 

campaign sizes, it can be stated that costs will drop. 

However, the real impact needs to be measured with 

updated data. In addition, a complete picture of the 

costs associated with changeovers could help identify 

some trade-offs to apply under specific scenarios.  

Conclusions 

The problem addressed throughout this project is 

eventually the most common dilemma in the industry 

nowadays. Hence, it requires simple, practical, and 

straightforward solutions such as the proposed one in 

this thesis.  

 

Despite the rise of AI, algorithms, and sophisticated 

technology solutions in supply chain applications, lean 

techniques offer simple solutions to complex problems 

that do not require significant investments or training. 

Product wheels are a clear example of this.  

 

Given the complex production environment (variable 

production rates, multiple assets for a single product, 

etc.) of the sponsoring company, the solution 

proposed throughout this thesis provides a robust 

approach to face variability. As demonstrated, 

implementing product wheels would improve the 

utilization and performance of assets while keeping 

the product mix. Moreover, it offers the opportunity to 

reduce costs and improve the overall planning 

process.  

 

Though the identification of frequencies and design of 

the wheels hasn't been easy and requires an in-depth 

analysis of the demand and production, the results are 

promising. Indeed, the sponsoring company can 

expect to level its production within relatively short 

periods, have clear visibility concerning the optimal 

sequences, find an economic balance between its 

inventory and changeover cost, and ultimately a less 

reactive and chaotic planning process.  
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Summary: 

This thesis proposed a Closed-Loop-Supply-Chain (CLSC) network design model for spare-parts remanufacturing, 

specifically as the heavy-machinery remanufacturer. MOMILP method was used to optimize a 3 echelon, multi-

product, multi-period, multi-modal reverse logistics network. The goal was to quantify the benefit of integrating 3PL 

partners in a CLSC, and contribute to the research of circular economy and 3PL selection.  

    

 

KEY INSGHTS 
1. In reverse logistics and remanufacturing 

research, the most preferred modelling 

methods are: optimization, multi-criteria-

decision-methodology (MCDM), and 

empirical method based on case studies. We 

extended the existing research to solve the 

problem for heavy machinery industry. 

2. The developed model can balance the 4 main 

cost components (fixed facility cost, 

transportation cost, manufacturing cost, 

warehousing cost) to determine the set of 

nodes and arcs in the network and achieve a 

last mile service level of 90% with demand 

served within 8 hours from requested time. 

3. Hybrid model involving both 3PL and 

remanufacturer provides the most benefit to 

heavy-machinery industry, because it 

improves service level and reduces inventory 

holding costs. 

Introduction 
In recent years sustainability have become an 

important concern for most companies, there is an 

increased need to address the economic, social, and 

environmental roles they play. Due to this, there has 

been an increased number of studies conducted on 

“Circular economy” and End-of-Life options, to 

understand how to best capture residual values in 

products and materials. Remanufacturing is one of 

these methods that takes advantage of returned 

usable components and through re-work process 

convert them back to like-new conditions. Based on 

Ellen Macarthur Foundation’s case study, heavy 

machinery manufacturer estimates 35% of their costs 

is in their overhead, and 65% relates to material costs. 

Then, salvaging the raw materials would cut down 

purchase costs, reduce machine use and reduced 

energy waste (remanufacturing process requires 85% 

less energy than manufacturing), provide customer 

additional saving (on average remanufactured parts 

are 40% cheaper than new parts), this gives the 

company a competitive advantage, and makes 

remanufacturing an obvious choice for long-term 
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operational strategy. To solve for this type of network 

design it is challenging, because it’s difficult to design 

an integrated system that addresses all the variations. 

Which includes quality of returned product, frequency 

of retrieval in collection center, service level to replace 

return products, demand of components, and 

inventory, and this is just to name a few variables.  

Therefore multi-objective models are preferred to 

solve for all the complexities. 

In this thesis we modelled a hypothetical heavy-

machinery remanufacturer’s reverse logistic network 

with 3 echelon, multi-product (3), multi-period (5 

years), multi-modal (ocean, road, air) for a mature 

remanufactured product line with constant return 

rate. And compared the results between 3 scenarios 

(remanufacturer only, 3PL only, and hybrid). The model 

was created with “Supply Chain Guru” software from 

Llamasoft. In conclusion we found the hybrid model to 

be the most beneficial to heavy machinery industry 

due to its ability to reduce cost and improved service 

level.   

Problem  
How can heavy machinery companies benefit from a 

reverse logistics network design which integrates 3PL 

partners in their remanufacturing process? 

Methodology 
1) Comprehensive review of published peer-

reviewed journals to understand the problem 

statement and existing models in the field of 

reverse logistic network design for 

remanufacturing industry. And the decision 

process for channel and 3PL partner selection.  

2) Developed a model to optimize two conflicting 

objectives: minimize total operational cost and 

maximize the service level to retail partners. 

MOMILP (Multi-objective-mixed-integer-linear-

programming) model was used to solve the 

problem in “Supply Chain Guru X”.  

3) Gathered data and compared the results between 

3 scenarios: 1) Baseline only, OEM (Original 

equipment manufacturer) operated reverse 

logistics; 2) Outsourced reverse logistic operation 

to an external partner, such as 3PL; 3) Hybrid 

approach, optimized the operation between OEM 

and external partners. 

Optimization model 
The general structure of the proposed closed-loop 

supply chain network for the heavy machinery 

industry (see Figure 1) is made up of the following 

echelons: a) a network of forward and reverse 

facilities ruled by the manufacturer, b) a network of 

forward and reverse facilities controlled by the 

dealers, and c) a network of reverse facilities 

managed by the 3PL. 

  
Figure 1 The heavy machinery closed-loop supply chain 

configuration 

In the forward flow, the suppliers provide 

remanufactured products to the manufacturer’s 

distribution centers (DC). The products are transferred 

from the manufacturer DCs to the dealer’s DCs. Finally, 

the products are distributed to the customers via 

dealer’s Retailers to meet customer demands. In the 

reverse flow, the returned products can be delivered 

back to either the dealer’s or the 3PL’s Retailers 

facilities, which act as Collection Points in the reverse 

flow. Then the eligible returned products are sent to 

the Remanufacturing sites. Finally, the 

Remanufacturing sites provide refurbished products to 

the manufacturer’s DCs to be sold again as 

remanufactured products. Since the refurbished 

products are inserted back into the forward flow, the 

proposed network configures a closed-loop supply 

chain.  

It is assumed that the customers replace end-of-life 

products by purchasing remanufactured products for 

which price includes a return deposit. The deposit gives 

financial incentive to the customer to return the end-

of-life product and receive a refund of the deposit if the 

returned product is eligible for remanufacturing. The 

eligibility inspection is done at the Collection Points. 

Considering a supply chain with forward and reverse 

flows, the goal of the proposed MOMILP (Multi-

Objective Mixed Integer Linear Program) model is to 

determine strategic decisions (number, capacity, and 

location of retailer / collection points) and tactical 

decisions (product flow between nodes) throughout 

the supply chain (see Table 1) to meet the customer 

requirements by minimizing the total cost while 

maximizing the responsiveness in the last mile delivery. 

 

 



Table 1 Components of the optimization model 

Component Description 

Decision 
Variables: 
 

Facilities 
Forward flows 
Reverse flows 
Closing-loop flows 

Objective 
Function 

Min F1 = Total Cost  
Cost = Remanufacturing Cost + Sourcing 
Cost + Facilities Cost (opening, closing) + 
Fixed Cost (operating) + Inventory Cost + 
Transportation Cost + Warehousing 
variable Cost + Return Cost 
Max F2 = Responsiveness Service Level 
On Time Deliveries = % Customer Flow 
delivered within the service level 

Policies Sourcing Policies 
Production Policies 
Transportation Policies 
Inventory Policies 
Return Policies 

Sets Set of Customers 
Set of Sites Facilities (potential and 
existing) 
Set of Products Families 
Set of Transportation modes 
Set of Time Periods 

Input 
Parameters 

Demand, Distances (Longitude, Latitude), 
Units Conversions. 
Fixed Operating Cost, Fixed Opening Cost, 
Fixed Closing Cost. 
Unit Sourcing Cost, Unit Production Cost, 
Variable Transportation Cost. 
Unit Inbound Cost, Unit Outbound Cost, 
Unit Storage Cost. 
Unit Return Cost, Return Ratios. 

 

The assumptions of the model are the following: 

• Three echelons (manufacturer, dealer, and 3PL 

facilities) 

• Three types of category products required by 

customers (large, medium, and small size) 

• Three types of products states (remanufactured, 

returned, and refurbished) 

• Multiple time periods.  

• Direct shipments 

• Distribution Centers and Remanufacturing sites 

are known and fixed, along with their capacities 

• The potential locations of Collection Points are 

known.  

• Disposal or recycling facilities are excluded. 

• The return rate is constant across the planning 

horizon. 

• The operating costs, collection costs, demands 

and return rates are known.  

• The other costs (i.e., fixed costs and 

transportation costs) are known. 

Case study results 
The model was applied to one of the largest 

manufacturers of the heavy machinery industry in 

Brazil which was exploring a network restructuring to 

integrate a 3PL vendor within their forward and 

reverse logistics of remanufactured products. The end 

customers of the manufacturer are within the 

construction, energy, transportation, and mining 

sectors. For this supply chain, service levels are 

challenging as they demand high utilization rates of the 

machinery, therefore requiring short lead times for the 

parts and synchronization between the parts and the 

technicians, which means having the right part at the 

right quantity at the right moment at the right place. 

Also, the end customers claim high penalty costs for 

stock out as these may represent multiple and costly 

shutdowns in their operations. Additionally, the end 

customers usually require the parts in sites located in 

multiple regions of each country, including remote 

areas which increments the complexity of the 

fulfillment. Finally, and more importantly, the end 

customers demand more sustainable products and 

services that contribute with the reduction of 

emissions and waste, and the use of cleaner energy 

sources. Therefore, there is an increasing demand for 

alternative products like the remanufactured ones not 

only for the environmental benefits but for the 

financial incentives and superior quality offered by 

manufacturers in the industry. 

The Figure 2 illustrates the closed-loop supply chain 

model which includes both the forward and reverse 

logistics flows, the parties involved, and the products 

in scope for the case. The returned parts are collected 

and inspected for eligibility at either the 3PL’s or the 

Dealer’s retailers / collection point facilities and then 

shipped to the remanufacturing site.  There the parts 

are disassembled, cleaned, rebuilt with same-as-new 

components, painted, and tested. Finally, the 

refurbished part is shipped to the manufacturer’s 

distribution center (DC) where is ready to be sold with 

same-as-new specifications. 

 
Figure 2 Remanufacturing closed-loop supply chain in 

Brazil 

 



To get the ideal solution of F1 and F2, each model was 

solved separately (see Table 2). 

Table 2 Optimal solution for each separate objective 

Optimized function Objective 

Function 

Obtained 

values 

Min F1 = Total Cost Total Cost 

Responsiveness 

$1,849,222,361 

85.22% 

Max F2 = 

Responsiveness 

Total Cost 

Responsiveness 

$ 3,265,773,850 

93.04% 

 

Considering that the two objective functions conflict 

with each other, a compromise solution is obtained 

($1,869,254,618.73; 90.17%) by using the Sequential 

Optimization tool within Supply Chain Guru and a 

pareto frontier is established (see Figure 3). This will 

be considered as the Baseline for the rest of the 

analysis. 

 
Figure 3 Compromised solution obtained for the proposed 

model (in green) 

 

Two additional scenarios involving a 3PL reverse 
logistics network were compared with the 
Baseline solution and a sensitivity analysis was 
performed. The first scenario ‘3PL only’ assumes 
that the reverse flows are managed only by the 
3PL network therefore avoiding the processing 
cost at the dealer facilities. A second scenario 
‘Mixed 3PL + Dealer’ assumes that the reverse 
flows can be managed by either the 3PL’s or 
dealer’s reverse network, allowing the model to 
establish what is the best configuration possible 
under the assumptions mentioned previously. The 
results of scenarios 2 and 3 are summarized in 
Table 3. 
 
The two proposed scenarios show the different trade-

offs present in the supply chain network design.  In 

both, the 3PL Only and the Mixed 3PL & Dealer 

scenarios, 12 and 8 potential 3PL Collection Points are 

open respectively, which increases the Startup cost 

(100%) and Fixed Operating (20% and 12.5%) as 

expected.  

Table 3 Summary of scenarios performed 

 

It is important to notice that the Remanufacturing cost 

plays a substantial role in the total cost, as it involves 

sourcing the remanufactured parts from both the 

supplier and the remanufacturing plant. Parts sourced 

from the supplier are assumed twice as costly as the 

ones sourced from the remanufactured site since those 

are not taking advantage of the recycling and reuse of 

materials an energy that the remanufactured parts do 

(see Figure 4). In the case of the 3PL Only scenario 

there is an increase of 5.6% versus de Baseline, mainly 

driven by the pre-build inventory required to transfer 

across the new open facilities. In contrast, the 

remanufacturing cost in the Mixed 3PL & Dealer 

scenario there is a reduction of 1.7% due to the 

optimized facility allocation which assigns more 

capacity for the processing of returned products 

impacting the overall total cost. 

 
Figure 4 Sourcing cost from Supplier and Remanufacturing 

for each scenario 

In terms of transportation and warehousing cost, there 

is a decrease of 2% and 1.5% respectively in the 3PL 

Only scenario while the other one remains steady. This 

is in part driven by the increased number of facilities 

open from the 3PL vendor.  

Regarding the inventory cost the Mixed 3PL & Dealer 

has the best performance as the optimized network 

configuration in this case allows to maximize the use of 

remanufactured products processed while effectively 

Scenario Baseline Reverse - 3PL Only
Diff vs 

Baseline

Reverse - Mixed 

3PL & Dealer

Diff vs 

Baseline

Solve Duration 316                       214                       306                       

Gap Percent 0                           -                        0                           

Model Period in Days 1,800                    1,800                    1,800                    

Service Level % 90                         93                         3% 90                         0%

Total Cost 1,869,254,619      1,966,403,514      5% 1,854,345,921      -1%

Fixed Startup Cost - 467,806                100% 303,948                100%

Fixed Operating Cost 74,079,593           88,895,511           20% 83,333,131           13%

Production Cost 1,403,553,577      1,482,585,018      6% 1,380,340,969      -2%

Inbound WH Cost 8,775,465             8,775,465             0% 8,775,465             0%

Outbound WH Cost 17,349,722           16,996,225           -2% 17,311,529           0%

Transportation Cost 69,052,653           67,996,409           -2% 69,033,040           0%

Return Cost 6,997,525             6,997,525             0% 6,997,525             0%

Sourcing Cost 286,337,552         286,337,552         0% 286,337,552         0%

Pre-Build Inventory 78,094                  236,217                203% 40,113                  -49%

Inv Holding Cost 3,108,532             7,352,003             137% 1,912,762             -38.5 %



balances the capacity allocation for both forward and 

reverse flows by using the 3PL resources accordingly. 

Finally, the responsiveness is also being impacted by 

the network setting. In the case of the 3PL Only 

scenario the increased number of facilities impacted 

positively the service level by allocating more capacity 

to the forward flows. In contrast, the Mixed 3PL & 

Dealer scenario shows a small decrease of 0.01% which 

could be assessed as none impact at all. This is mainly 

driven by the optimization process using the multi-

objective functions as a mechanism to balance cost and 

service level. 

According to the computational results of the 

proposed optimization model, the managerial 

recommendation is to pursue a Mixed 3PL & Dealer 

since it allows the network to exploit the benefits of 

the circular economy while reducing the total logistics 

cost and maintaining high levels of responsiveness for 

the end customers. Figure 16 illustrates the different 

network configurations. 

Conclusions 
After conducting our literature review, we noticed 

current research on reverse logistic and CLSCND 

(including remanufacturing) is fragmented and 

scattered, in many cases the solution is industry 

specific or limited in scope. Therefore, we recognize 

more diverse research needs to be conducted to solve 

for integrated supply chain problems within the 

circular design space. 

Here in this research, we designed a model that can 

integrate sourcing, remanufacturing, distribution and 

return of products, for a closed-loop supply chain with 

multiple objectives. This will address the trade-offs 

between decision variables. Here we have tried to 

address the end-to-end complexity of the system, to 

solve for both strategic and tactical decisions making.  

From the computational results, we noticed product 

return have a positive correlation with economic and 

environmental benefits. The following cost 

components were thought to be most relevant: fixed 

cost, transportation cost, manufacturing cost, 

warehousing cost. The model was able to balance the 

objectives to locate the optimal facility setup. As part 

of this we noticed it is beneficial for the heavy 

machinery remanufacturer to have a hybrid reverse 

logistic setup by including 3PL. In the hybrid setup, the 

costs are slightly less compared to remanufacture only 

setup (baseline), but it provides a deeper reach in 

terms of service level. The model was tested on the 

Brazilian market, which is the least complex in terms of 

international logistics (everything occurs within the 

same territory). Therefore, we suggest additional 

sensitivity analysis to be conducted to understand the 

behavior of other parameters such as: demand, return 

ratios, 3PL costs, distance-based service level setting, 

and remanufacturing yield. In addition, inventory 

optimization can be performed with integrated time 

elements, by including the results obtained in this 

study. This can be complemented with discrete 

simulation to improve inventory policies in the long 

term. To provide more accurate and realistic models, it 

is recommended to integrate fuzzy parameters with 

the MOMILP model provided in this thesis. 

Regarding 3PL integration, we understand there are 

many other factors involved as suggested in literature 

reviews, examples as expertise, processing capabilities, 

infrastructure, etc. This should all be taken into 

consideration during the partner selection process. 

Further research is needed to understand 

simultaneous forward and reverse logistics flows, as 

well as the idea of co-locating facilities to take 

advantage of the economies of scale and resource 

pooling available with 3PL vendors.  

Finally, to benefit future research, milk-run truck 

capacity loading, remanufacturing routing should also 

be considered along with different modelling 

approaches, such as GA for simulation purpose. Lastly, 

as technology becomes available, there have been an 

increased use of IOT (Internet of Things) and sensors 

for heavy-machinery product design and 

remanufacturing production process, this should help 

in future data collection and validation of models. 
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KEY INSIGHTS 

1. In a Vehicle Routing Problem, decisions such as 

order distance, working time or capacity, are key 

drivers of value for evaluating the number of 

trucks.   

2. The level of efficiency in the supply chain is 

directly related to a successful implementation of 

the recollection process. 

3. There is a strategy for different segments of 

customers. There is no one-size fits all. 

 

Introduction 

The motivation for companies to create a reverse 

logistics network has grown steadily in recent 

decades. Therefore, a smart supply chain should 

leverage significantly on the network design to 

facilitate an efficient closed loop.  

As elegantly summarized by Sheffi (2017), "Logistics 

network design is a strategic decision that has direct 

impact on two of the most important levers for green 

logistics: distance reduction and mode shift."  

As part of Hempel's strategy, there is an ambitious 

sustainability agenda called "futureproof". This 

challenges them to be carbon neutral in its operations 

for 2025 and introduce a circularity roadmap for 

products and packaging with its clients. The goal for 

this project is to show and evaluate the available 

alternatives for Hempel in order achieve its circularity 

goals for the packaging used in the marine segment, 

focusing on metal cans.  

As suggested by Sundar Raj (2013), a strategy of 

“decomposition optimization” was implemented in 

order to work on the problems independently and 

generate a better solution to the overall result. A 

mixed-integer linear program (MILP) formulates the 

process of selecting a facility from a discrete number 

of possible locations. 

Furthermore, a vehicle routing problem (VRP) is 

presented in order to build the routes from the facilities 

located in the previous process to all customers where 

demand is met, reducing the computational time 

required to find a solution 

First, it is important to measure the size and frequency 

of the deliveries to understand which locations 

(countries) are the most representative. To achieve 

this, we used historical sales data of year 2020. We 
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are assuming that the demand of these products will 

exhibit a similar trend in the future 

Another factor to consider is the current network that 

is built to fulfill the customers' demand, this includes 

but it's not limited to: factories, distribution centers, 

transportation service providers and waste collection 

services.  

Data Analysis 

The sponsor company defined the initial scope of the 

thesis to Europe, so that regulatory constrains 

between countries could be homogeneous, although 

Turkey was also included as a key player given the 

volume it represents of the total business. The 

following countries were selected as the focus for this 

project: Denmark, Germany, Spain, Netherlands, 

Turkey, Poland, and Portugal.  

To start the data analysis, we focused on organizing 

data such as countries, delivery dates, order ID, 

products, can size, volume and delivery address. At 

this point we have knowledge of the number of liters 

delivered by country; however, this unit does not give 

us information about the number of items. After we 

were able to obtain information about can size, we 

could transform liters and quantify the number of cans 

delivered to each location. 

The best way to continue forward was to aggregate 

the information at a zip code level. With this result, we 

were able to accurately find most of the delivery 

locations. Our next step was to find the coordinates for 

all the zip codes available. Once the previous step 

was done, we used a map to visualize the data. In the 

map below, the distribution of deliveries can be 

observed, where the size of the sphere represents the 

total amount of cans delivered to the location. Our goal 

was to validate if the parameters matched the 

information provided and if there were any initial 

hypothesis for clustering. 

 

From the information analyzed we decided to create 

different policies for the customers based on 

qualitative and quantitative characteristics such as 

location and average order volume.  

First, we filtered out of the analysis all the locations 

that were outside of mainland Europe and Turkey. 

This is due to the fact that we are solving a routing 

problem with a single mode of transportation. The next 

step was to use a heuristic strategy and classify the 

locations by zones: the Iberian Peninsula, Central 

Europe, and Turkey. This heuristic made it possible for 

all delivery points to be located at most within 1,000 

km of the assigned warehouse. 

Second, we classified the locations by volume, which 

led us to identify areas where the monthly average 

demand was higher than the vehicle capacity per trip. 

Hence, for these groups of customers, routing is not 

the most efficient collection way, but rather a direct 

pick-up scheme. 

Facility Location  

As a problem description, we have single echelon 

supply chain, given that the system has one flow, 

beginning at the warehouses from where the product 

is delivered and ending at the customers locations 

where the product will then be collected. Demand is 

considered a be deterministic, and we are working 

with a time horizon of one period. 

For the classic facility location problem, we want to 

define which warehouse will serve each of the 

customers, considering that one customer can only be 

served by one facility. The company provided a 

discrete list of 15 facilities available to use. 

Each location was a mix of current facilities owned by 

the company or possible alternatives where a facility 

could be opened. Given that the model is constrained 

by the fixed cost of opening a factory, for evaluation 

purposes a different fixed costs was settled, 

depending on the current existence of the plant in the 

network. 

The distribution network results indicate that it's 

possible to serve all customers within the 215 zones 

by using 10 warehouses. The average distance to 

reach a customer resulted in 150 kilometers, with 

Turkey being an exception given that Antalya is 910 

kms contrary to the other Turkish customers, which 

are less than 30 kilometers away from WH. The 

optimization output can be observed in the following 

graphs for the region of Central Europe. 



  

On a global perspective the average distance from 

any given starting location to its corresponding 

customer is less than 300 km. 

The main conclusion achieved from this analysis is 

that 12 zones will be independently served and will not 

be part of the vehicle routing optimization (VRP). 

Hence, the new universe of locations for a pick-up 

routing is reduced to 203 zip codes. 

Furthermore, 2 out of the 3 locations in Turkey have 

enough volume to be served by direct collection. 

Therefore, the remaining zip code should work under 

a direct collection scheme as well. However, given 

that the number of cans collected at that location is 10 

units per month, there is an area of opportunity to 

collaborate with a waste-management service 

provider to leverage its economies of scale. 

 

Vehicle Routing Problem 

The initial input that will be used for the VRP is the 

result obtained in the previous part of the process. The 

available origin points (depots) used will be the results 

obtained from the FLP problem. The second step is to 

define the time unit that will be used for setting up 

collection policies. For this model we will be adding 

constraints such that every customer must be visited. 

This input parameter is relevant to validate that the 

number of vehicles available at each location have 

enough vehicle capacity to cover the demand. 

The model that we use has 3 main constrains, which 

are: maximum distance that any given vehicle can 

travel in a roundtrip, number of operating hours and 

physical capacity of collected cans per stop. The 

vehicles were divided in two different types. The first 

vehicle includes all the zip codes that will be part of a 

monthly collection route and it takes into account the 

previously mentioned constraints. In contrast, the 

second type of vehicle that holds no constrains for all 

the parameters but has a cost that is 10 times greater 

than the regular vehicle, therefore the optimization 

model will only use this type of vehicle if there is no 

better option than doing direct shipments because any 

of the other three constrains are not feasible. In the 

following graph we can observe the number of zip 

codes assigned per region and collection policy 

assigned.. 

 

After running the optimization model the results 

showed that 169 zip codes could be aggregated as 

part of a collection run and 33 would need to either 

find some flexibility on the constrains or work with a 

direct collection policy. 

The sensitivity analysis proved that this model is 

sensitive to changes in the parameters. By modifying 

the hard constraints of distance and working time, we 

obtained 5 percentual points difference in trucks type 

2 used, which reflects to almost a 50% cost reduction. 

Conclusions 

This thesis has developed a network design in order 

to provide a complement to the outbound distribution 

operations and achieve a closed loop supply chain to 

align to Hempel's strategy.  

We used a strategy of a two-step approach in order to 

work on the FLP and VLP. Our model was based on 8 

European countries, later divided into 3 zones, Iberian 

Peninsula, Central Europe, and Turkey. With the 

elaboration of a facility location problem, the results 

obtained suggest that for the 215 zip codes analyzed, 

the best solution given the inputs is to operate with a 

total of 10 warehouses, 9 of which are existing and 

one new facility. Furthermore, a vehicle routing 

problem enabled the possibility to create routes from 

the warehouses to their assigned customer, excluding 

those which exceeded the demand for one vehicle, 

which would have their direct collection policy. 

There is not a single solution that will apply to all 

customers, depending on the frequency, distance, 

processing time and volume collected. Supply chain 

segmentation would be key for the success on the 

project. Some destinations would benefit from the 



economies of scale generated by other service 

providers while more than 80% would benefit from 

close-loop initiatives.  

Our key recommendation is to incorporate the results 

presented in this research with broader information 

and integrate forward logistics in order to have more 

efficient use of reverse logistics. With the information 

proposed in our research achieved in hand with 

Hempel's collaboration, we believe Hempel will have 

a better set up to fulfill their future proof agenda. 
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KEY INSIGHTS 

1. Dynamic decisions are best evaluated using an 

aggregate view, where multiple contributing 

factors are accounted for in a single approach. 

2. In the MTO environment, both operational risks 

and financial alternatives should be considered 

for customer enquiries to drive greater visibility 

within the business. 

3. Heuristic approaches could yield some modest 

improvements, but a big data approach could 

have greater potential to realize strong results.   

Introduction 

Make-to-order (MTO) production at first impression 

seems quite simple from a planning standpoint—

merely receive the order and build the demand. 

However, this assumption could not be further from 

the truth. Make-to-order environments, like the 

products they produce, are highly customizable in 

nature and often present major challenges in 

production planning and scheduling. As set by Hicks 

and Braiden (2000), “The scarce homogeneity of 

MTO contexts and the intrinsic difficulty of formalizing 

implicit decision mechanisms for managing 

customized product enquiries make it difficult to 

develop methods with general validity.” 

The sponsor company is a leading global specialty 

chemical manufacturing firm, and the specific 

business unit sponsoring our project operates in a 

MTO, project-based environment. The company has 

a growing demand for its products, typically used in 

the energy industry, and desires to capitalize on the 

demand by delivering as many orders each year as 

possible, given capacity and production planning 

limitations.  The sponsor has requested to challenge 

the planning and inventory management approach for 

one of its product portfolios which uses a strict MTO 

policy for planning and production. In such an 

environment, some points must be noted. First, MTO, 

project-based environments do not operate based on 

a desired service level. Every order must be released 

in full to the customer on the exact date it is needed. 

The next points pertain to demand management. All 

demand information is maintained and communicated 

through a Customer Relationship Management 

(CRM) system, which is updated weekly by the Sales 

team who routinely review and update probabilities of 

customer orders, starting from low values (when the 

sales team has a first contact with the customer) and 

Managing Inventory and Capacity in a 

Make-to-Order Environment  

should be Arial, bold, 24 pt] 

 

By David Blanco, Kelsey Kusman, Vakshua Mithran Kanuvakarai Saravanan 

Thesis Advisor: Spyros Lekkakos 

 Summary:  
This thesis tackles the question of how to effectively make decisions for order selection in the Make-to-Order 
environment when upcoming demand exceeds available capacity. We take a structured heuristic approach to 
drive better decision-making for a chemical manufacturer in an attempt to improve their process for selecting 
unawarded orders to pre-build. 
 

 

 

 
David Blanco 

B.E. In Industrial 
Engineering from the 

University of Zaragoza, 
Spain 

 
Kelsey Kusman 

B.B.A. in Supply Chain 
Management from Texas 

A&M University, USA  

 
Vakshua Mithran 

Kanuvakarai Saravanan 

B.E. In Mechanical 
Engineering from Anna 

University, India 
 



eventually evolves to higher values (if they get 

positive signals from the customer) or drops out (if the 

customer eventually places their order with the 

competition).  Due to the nature of the sponsor’s 

products the order opportunities are perfectly defined 

in terms of quantity and due date. The lifecycle of 

order forecasts in the CRM system (from their entry 

date until converting into order or being dropped out) 

is typically quite long, but also volatile between 

products and even between customers. 

The objective of the thesis is to develop a more 

sophisticated approach to support order pre-building 

decisions by attempting to quantify the operational 

and financial risk associated with each candidate 

order and integrating appropriate business rules in a 

well-defined decision support framework. We 

approach the solution as a two-part decision process, 

beginning with a Risk Index that comprises various 

contributing factors to the operational risk of the given 

order opportunity (Forecast ID). Secondly, we 

consider the financial trade-offs associated with each 

order pre-building option using a Cost/Benefit 

approximation to demonstrate the different outcomes, 

which could shift the recommended pre-build 

selection depending on current business priorities. 

Methodology 

We followed a structured approach to develop a 

heuristic decision-support framework. Our work 

began with a literature review of MTO production 

scheduling methodologies as well as best practices 

for organizational management in the planning 

process, as cross-functional coordination is a key 

element of business success. We also understood 

the process of setting due dates and planning for 

MTO, a process that is highly dependent on customer 

expectations and on whether the product is a fast or 

slow mover (Zorzini et al., 2007).  Then, we analyzed 

historical data to identify key variables to support the 

decision to pre-build and tried to incorporate those 

variables in an aggregate metric, the “risk index”. 

Following discussions with the company, we 

conducted a proof-of-concept test on several 

snapshots of the historical demand to test the 

performance of the Risk Index metric.  

 
Data Analysis  

The company provided various types of data to aid in 

our research of the business operations and study of 

demand patterns for the selected product portfolio. 

The company maintains about 30% market share for 

its top-performing products in this portfolio, and there 

are 154 products—of which the highest performing 

products may sell to 100 or more customers. We 

received data on historical sales for the last 5 years, 

contribution margin of sales history, delivery records 

(OTIF data), Bills of Material (BOMs), bottleneck 

capacity information, and the most important to our 

research—records from the CRM reporting database 

with information about all sales opportunities 

(Forecast IDs) from 2018-2020.  

We began by studying patterns in the demand using 

visualizations to portray the demand history. This 

analysis was primarily done on the Sales History 

received, and then expanded to CRM as we sought 

to understand the life cycle of a Forecast ID. By 

analyzing the demand patterns in a discrete way, we 

were able to gain insights about how long it takes for 

the opportunities forecasted to convert into an order 

and overall likelihood for a product to convert to an 

order when a Forecast ID is opened. A stepwise 

example of a forecast ID converting to an order is 

illustrated in the figure below, with different phases of 

the life cycle being shown in different colors (possible 

opportunity, quotation, sales order). 

 

We also studied the overall sales history for each 

product to understand how often the product was sold 

versus how many opportunities were entered into 

CRM. This exercise provided insight on the 

distributions of demand in terms of frequency, 

quantity, and any seasonality components.  

Finally, we considered the factors that contribute to 

the likelihood of order conversion. In the current 

process, the only factors used when selecting an 

order to pre-build are the Forecast ID Order 

Probability and the requested delivery date, but this is 

a rather myopic approach. We believe that by taking 

a holistic view to study the various factors that 

contribute to the likelihood of placing an order, the 

company can have a more informed perspective on 

the best Forecast IDs to pre-build. In the final phase 

of our analysis, we studied the concept of order 

commonality, historical probability of order 

conversion at the product level, and finally, 

Material 



conditional probabilities of order conversion at the 

product level. 

Order commonality pertains to the company’s ability 

to substitute one order for another when a given 

opportunity is not awarded after being selected to 

prebuild. We observed that the top performing 

products have the greatest order commonality 

because of the volume of opportunities open in the 

CRM. At a given time, one of these products could 

have over 100 potential orders in the pipeline.  

Historical probabilities of conversion for each product 

consider the aggregate history at the product level. 

Because each customer has a unique behavior which 

can even differ between orders for the same product, 

we considered the holistic outcomes for a specific 

product. Similar to order commonality, this gave 

insight on risk level for another order to actually be 

substituted if the selected order is not awarded. 

The last component we considered is the conditional 

probability for order conversion for each product. 

When studying the historical demand inputs in the 

CRM, we observed a negative correlation between 

the number of forecast ID’s and the likelihood of being 

ordered (shown in the figure below).  

 

The juxtaposition of the volume of Forecast ID’s 

present in CRM at a particular point in time with the 

product’s historical likelihood of order conversion 

forced us to challenge the current policy of pre-

building according to a single Forecast ID. It also 

created interest to understand if, on the product level, 

the individual order probabilities would have a 

different likelihood to convert based on historical 

CRM data. We were able to confirm that as the 

individual order probabilities increase, the likelihood 

to reach 100% does in fact increase. However, the 

historical likelihood for an order to convert based on it 

hitting a certain order probability is overall lower than 

the Forecast ID’s order’s probability. This validation of 

our assumptions confirmed the applicability of a 

solution that accounts for more than one factor (order 

probability alone) in a pre-build decision. By inclusion 

of historical data for a product’s Forecast ID evolution 

in the decisions, we could derive more informed 

selections for pre-building that may result in less 

schedule iterations caused by unawarded orders.  

Modeling Approach and Results 

Our analysis demonstrated that many variables could 

determine whether an order converts, and we believe 

visibility to those contributors can assist a planner in 

making the best choice to minimize company risk. 

With this in mind, we have developed a new metric for 

the company that considers the interaction between 

the various factors called the FCID Risk Index. This 

would then be partnered with an approximate 

Cost/Benefit Ratio to assess potential tradeoffs in the 

recommended orders (i.e., candidate orders for pre-

building). 

While developing the construction for the FCID Risk 

Index (“Risk Index”), we sought to deliver a holistic 

picture of the risk for a given Forecast ID that would 

capture the Operational Risks involved in the pre-

building decision. There are three main factors that 

contribute to an opportunity’s likelihood to be 

awarded, which we include in the sample Risk 

Index—order commonality, historical data, and the 

present information from Sales. The equation is as 

follows: 

The best orders to pre-build are those with the lowest 

Risk Index. However, the Risk Index alone should not 

guide the overall decision. It must be accompanied by 

an assessment of the financial outcomes and 

alternatives to give planners a full picture of this 

decision. The second component of our proposed 

Material Numbers 

99%

•16/21 = 76.2%

90%

•12/22 = 54.5%

75%

•8/71 = 11.2%

50%

•8/156 = 
5.1%

Risk Index = ((
1

# of FCID′s > 50
)

1.5

∗ (
1

Product Conversion Rate
)

∗ (
1

FCID Order Probability
)) ∗ 100 

𝑃𝑅 =
# 𝐹𝐶𝐼𝐷𝑠 𝑟𝑒𝑎𝑐ℎ𝑖𝑛𝑔 100%

𝑇𝑜𝑡𝑎𝑙 𝐹𝐶𝐼𝐷′𝑠 𝑎𝑡 𝑋 𝑃𝑅
 



solution is the Cost/Benefit approximation for each 

Forecast ID. This calculation provides visibility to two 

components that are not considered in the Risk 

Index—time and financial impact. The approximation 

evaluates the expected value based on the 

conditional probabilities for an order to convert at a 

specific probability for a given product. The proposed 

approximation is calculated as follows: 

Cost Benefit Approximation = 

(P ∗ ((Average Product COMA per UoM ∗ Order Qty) −

(
(Average Product Variable Cost∗20%)

365
∗

Order Horizon

2
))) + ((1 − P) ∗

(− (
(Average Product Variable Cost∗20%)

365
∗ Interarrival Time)))  

 

 

This equation incorporates expected profit of the order 

combined with the anticipated holding costs if the 

order would or would not be awarded. The 

approximation serves as an aid to decisions where 

Risk Index values could be equal between different 

Forecast IDs or when there is reduced storage space 

available to hold inventory for example.  

We used these equations to perform proof-of-concept 

testing for the new approach on a limited set of 

historical CRM data. We tested the status quo against 

the new approach to see how each would attempt to 

resolve a bottleneck scenario—considering how many 

orders it would require to be pre-built, overall 

cost/benefit, and whether the selected Forecast IDs 

were converted to orders in the end.  

Following our experiment, the status quo slightly 

outperformed our approach regarding accuracy of 

order conversion for the selected opportunities. 

However, from a cost perspective, the new dynamic 

approach performed better, presenting a higher 

benefit value and around 10% lower holding costs. 

Because our selected sample was quite small, we 

highly recommend the company proceed with further 

testing and iterations to the proposed calculations to 

refine the results and determine the best solution for 

its business.  

Conclusions 

In this work, we demonstrate the complexity and 

nuances of planning operations in a dynamic MTO 

environment. There are three key takeaways that we 

have provided to the company to continue with our 

approach.  

First, we see value in keeping an ongoing record of 

the conversion rate for a given product over time and 

keeping an aggregate calculation of the conditional 

probabilities for given products. The current S&OP 

guidelines are reviewed each quarter for the ad-hoc 

process and understanding this behavior could help 

improve those rules for specific product segments. 

Second, we recommend that the company adopt a 

version of the Cost/Benefit approximation. To-date, a 

calculation of this sort is not easily available without 

manual effort at the company. By making this value 

available to the planner, they have greater awareness 

of the financial outcome associated with the pre-

building choice. This addition to the current process 

could also serve as a step toward making the pre-

building selection a more autonomous decision 

owned by the planner, since they would have access 

to the financial data that is currently reviewed at the 

leadership levels. 

Last, we cannot exclude the option of a big data 

approach to approach this problem. Due to the project 

timeline and some exclusion of data, we were unable 

to perform a simulation, let alone pursue to machine 

learning solution. However, as this process requires 

extensive tacit knowledge on behalf of the planner, an 

approach where the system can learn to make these 

decisions objectively can be quite beneficial.  
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KEY INSIGHTS 

1. Digitization of supply chain processes could 

unlock huge potential in building resilient 

ecosystem   

2. Right approach and suitable opportunity 

identification is key to a successful 

implementation 

3. Dedicated efforts towards redefining of 

traditional roles and responsibilities will benefit 

in the long run 

 

Introduction 

Over the last couple of years, supply chain & logistics 

have undergone a tremendous change: from a purely 

operational function that reported to sales or 

manufacturing and focused on ensuring the supply of 

production lines and the delivery to customers, to an  

 

 

 

independent supply chain management function that in 

some companies is already being led by a CSO - the 

Chief Supply Chain Officer. The focus of the supply 

chain management function has shifted to advanced 

planning processes, such as analytical demand 

planning or integrated S&OP, which have become 

established business processes in many companies, 

while operational logistics has often been outsourced to 

third-party LSPs. The supply chain function ensures 

integrated operations from customers to suppliers. 

A Digital Supply Chain (DSC) is a smart, value-driven, 

efficient process to generate new forms of revenue 

and business value for organizations and to leverage 

new approaches with novel technological and 

analytical methods DSC is not about whether goods 

and services are digital or physical, it is about the way 

how supply chain processes are managed with a wide 

variety of innovative technologies (Büyüközkan & 

Göçer, 2018).  

Explorative and feasibility analysis for 
implementing autonomous supply chain 
planning solutions  

By Juan Bernad & Spandan Rout 

Thesis Advisor: Dr. Yasel Costa  

Summary:  
The primary aim of this thesis is to serve a purpose of a guidebook for any organisation small or big in their 
transformational journey. Based on real time data analysis, an attempt has been made to present some major 
strategic frameworks to follow for any new digital initiative and implementation.  
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With Industry 4.0 slowly transforming to Supply 

chain 4.0, there has been a slow yet significant 

movement in the industry towards reimagining the 

supply chain in a new digital avatar. This has 

resulted in a huge appreciation in the various tools 

and applications which cater to demand and supply 

planning, Sales & Operations Planning (S&OP) 

processes, Integrated business planning (IBP) 

solutions to name a few. However, just an 

implementation of any such readily available 

platforms will barely help the cause of 

transformations. This could actually lead to a more 

complex problem to solve. However, as supply 

chains involve interconnections between multiple 

actors, comprehensive digitalization initiatives at this 

level are very complex. Several strategic factors 

affect decision-making around digital investments 

(Lammers et al., 2019). This is where our research 

provides the most value add. 

Our approach acknowledges all the nuances 

involved in a real-life situation, and based on 

extensive data analysis, we thus put forward a 

feasibility framework which helps the management 

to decide and analyse the possibility of moving 

towards digital or autonomous systems. 

Additionally, an effort has been made to define what 

exactly an autonomous decision-making system 

entails and how is it different from the traditional 

manual planning approach. However, during this 

transition, the role of humans also has to evolve and 

mould into a new a form (Kaivo-Oja et al., 2017). 

Thus, there is a need for a collaboration and synergy 

between humans and systems. Through this thesis, 

an exception management structure has been 

presented and discussed which tries to address how 

to work in a synchrony and also gives a glimpse of 

how switch seamlessly between autonomous 

systems and human planner. 

Deployment feasibility framework 

The true potential and value of any solution can be 

achieved only when it is utilized for the right situation 

and appropriate problem. Thus, it is utterly important 

to identify the nature and character of the process 

that is under consideration. Our horizon framework 

could be helpful in setting a guideline in order to 

follow whenever a change in process management 

is planned for. In our scope of understanding the 

feasibility of incorporating autonomous decision 

making to the traditional manual planning 

processes, the framework helps to decide the 

possibility along the lines of impact value of such 

action. The considered activities can be henceforth 

divided into three categories based on the planning 

horizons for a better visibility and clarity.  

Here, the framework suggests four different planning 

horizons: Operational, Tactical, Strategic and 

Strategic+. The automation is also separated based 

on two concepts: Process & Decision automation. The 

process automation means the robotic process 

automation which is a physical automation. Whereas 

the Decision automation is more dynamic in nature 

where the decision or actions are automated based on 

certain prior set-conditions. Currently, all the decision 

involves human planner and which this framework 

helps to identify which activities are more effective to 

target first for a smooth transition.  

 

 

Autonomous planning 

The potential application areas in which autonomous 

capabilities would fit better depends on the type of 

area and the dimension. The impact of automation in 

these areas is potentially high for operational 

processes, especially repetitive processes, but the 

impact is lower for processes with strategic 

importance that benefit from increased data 

availability and advanced analytics to support manual 



decision taking. We put supply chain planners in that 

lower impact level.  

Based on recent studies, repetitive tasks currently 

done by planners can be automated in 

approximately two months from the initial 

assessment to roll-out, whereas previous 

automations within an ERP system typically took 9 

months to 18 months. With the introduction of these 

technologies comes a task shift for planners, which 

now will develop and maintain solutions that 

automatically check the data, identify issues, and 

ensure a high-quality planning basis. Accordingly, 

planners will spend less time on manual data 

inspection and constant firefighting to plan and 

schedule the products manually. 

Similarly, AI forecasting approaches are able to 

forecast standard demand and allow planners to 

focus on fewer items that really do require attention 

more accurately. The advanced planning systems 

point the planners toward those exceptions and help 

to focus their efforts on where they are really adding 

value. 

Data analysis 

In the case study proposed by the sponsor, planners 

take decisions regarding planned orders and 

process orders. In the current study we put the focus 

of the analysis on the process orders behaviour. The 

orders get updated on a weekly basis or even 

shorter in order to ensure balance between 

utilization and service level.  

 

This pattern of planner’s reaction to the orders was 

then converted to classify the risk level of the 

planner. The hypothesis was about the risk profile of 

the planner. The risk profile can be attributed to the 

lean process management as well.  

The framework below depicts various types risk 

profiles and how the behavior impacts the inventory 

levels. To understand, we have classified three 

different types of risky behaviour based on the 

inventory level and closeness to the date of execution.  

 

With an effort to understand the dynamics of the 

modification or changes done by the planner to an 

order, a major motivation was to reduce the setting up 

times and the changeover times whenever a new 

process order is introduced into the line. This in turn 

lead us to establish our final and one of the most 

crucial hypotheses. The concerned hypothesis 

assumed was that whenever there are multiple 

process orders in work-in-progress stage for a 

particular/single material key, the planners tend to 

couple and bundle them together so that the 

scheduled start date of those orders are around the 

same time and hence reducing the changeover or 

setup times in between. However, this would only 

stand valid when there are simultaneous orders 

existing in the pipeline to execute. Based on this 

approach, the table represents a summary of the 

analysis.  

 
Conclusions 
After an extensive literature research in the domain of 

digital transformations, our study established that 

supply chains these days require this much-needed 

conversion. To make this possible, the seed of digital 

perspective needs to be planted at the very ground 

level. A huge redefinition of roles of human is essential 

for the success of being digitally forward. 

Further, since data is at the core for any such 

transformation initiatives, the quality of data and data 

source plays a major role in the final output. In 

addition, we also established a three-step approach 

for such transformation initiatives: 1) Focusing on 

Total Number of Orders in the concerned time frame 55 

Bundled Orders from Start 14 

Bundled Orders by Planner 39 

Average time gap to executing the existing order (Days) 14 



processes that drives most of the value, 2) 

Challenging the operating model and 3) Using data 

as backbone. Our work also aims at supporting 

future studies analysing the readiness of supply 

chains for the much-needed digital transformations.  

 

Cited Sources 

Büyüközkan, G., & Göçer, F. (2018). Digital supply 
chain: literature review and a proposed framework 
for future research. Computers in Industry, 97, 157-
177. 
 
Lammers, T., Tomidei, L., & Trianni, A. (2019, 
August). Towards a novel framework of barriers and 
drivers for digital transformation in industrial supply 
chains. In 2019 Portland International Conference 
on Management of Engineering and Technology 
(PICMET) (pp. 1-6). IEEE. 
 
Kaivo-Oja, J., Roth, S., & Westerlund, L. (2017). 
Futures of robotics. Human work in digital 
transformation. International Journal of Technology 
Management, 73(4), 176-205. 
 
 

 

 



MIT-ZARAGOZA PROGRAM – CLASS OF 2022 

OTHER PROJECTS 
 

Total cost of ownership (TCO) of inbound supply chain model for source 
selection and KPI dashboard  
Team: Nina Anttila, Sushanth Purandhar   
Advisor: Laura Wagner  
  
This thesis evaluates Total Cost of Ownership approach encompassing various cost 
elements besides the purchase cost of an item to improve source selection. To make the 
approach executable, a database model was set up by mapping cost elements and visibility 
was enhanced through a spreadsheet model and a KPI dashboard.  
 

 
Carbon Impact Assessment in the Vegetable Seeds Industry  
Team: Narendra Mantripragada, Carmela Berlin, Samar Saqr  
Advisor: Yasel Costa  

 
This research is an attempt to quantify carbon footprint across multiple stages of tomato 
seeds portfolio of sponsoring company through applicable methodologies. The research’s 
scope covers cradle-to-gate. This quantification of carbon inventory will set a benchmark 
for company assessing areas of environmental concerns and identifying opportunities to 
reduce carbon footprint.  
 

 
Supply Chain Value Creation  
Team: Gonzalo del Barrio, Warley Bicalho, Luis Martinez  
     Advisor: Amir Behzad Samii  
 
The main purpose of this Thesis is to identify and measure value creation from supply chain 
performance improvement. To achieve this milestone, the goal was to identify and 
prioritize different Key Performance Indicators (KPIs) that companies should focus on with 
the aim of measuring progress towards meeting their strategic objectives.  
The Thesis combines a quantitative and qualitative data gathering process together with 
an interpretation of the results by using different business research methods.  

 
 

 
 



The Hub Hunt  

Team: Jacobo Cano, Isabela Pacheco  
Advisor: Mustafa Çagri Gürbüz 

 
The project demonstrated the importance of supply chain research in combating global 
warming. Specifically, facility location models were developed and used to determine the 
best location for constructing CO2 capture and sequestration plant(s). In addition, network 
design modelling was employed to determine where the raw materials must be sourced 
from, with the objective to lower costs and CO2 emissions. 

 

 
Application of Digital Twin in Medical Devices Supply Chain Planning  
Team: Siddharth Chivukula, Akshay Prabhu  
Advisor: Beatriz Royo  

 
This thesis aims to help the sponsor company, a top pharma and medical devices company 
explore the Digital Twin technology to respond to the following research questions; the 
different areas of improvement in the medical devices Supply chain planning, the Digital 
Twin opportunities in the sponsor company medical devices planning activities, the benefits 
that can be achieved through Digital Twin technology in supply chain planning, the manner 
to unlock value using the Digital Twin output and the process to deploy the Digital Twin 
efficiently planning to enable scale-up.  

 
 

Material Demand Forecasting for Oil & Gas Facility Operations  
Team: Taiwo Epebiyi, Mohamed  
Advisor: Yasel Costa 

 

This thesis uses machine learning to predict the optimal order quantity for a high value 
consumable material such as production chemicals used in oil and gas processing 
operation in a multi-national exploration and production company in Nigeria. Our case 
study company has been impacted by unplanned external disruption due to the unstable 
business environment and would like to incorporate this disruption effect in the forecasting 
models. Our results show that ANN models are able to incorporate disruption parameters 
and intermittent demand while reducing forecasting error by as much as 50% compared 
to traditional forecasting models. 
 
 
 
 
 
 
 
 

 

 
 
 
 



A Balancing Act: Supply Chain Optimization, Financial Performance, and 
Uncertainty in the Automotive Industry  
Team: Abdellatif Elmssali, Brad Fuegen  
Advisor: Milos Milenkovic  
 
This thesis seeks to answer the question of how companies can balance multiple supply 
chain opportunities through optimization, improving financial outcomes during times of 
disruption.  The sponsor company Valeo Vision Maroc (VVM) is a leader in injection molded 
parts for the auto industry and operates one production facility in Tangier Morocco.  The 
thesis approach was to decouple several functional areas and analyze each individually. 
Predictive and time series forecasting methods, a MILP production planning optimization, 
and Capacitated Vehicle Routing Problem (CVRP) were researched. 

 
 

Integrated Supply Planning in SRC Accessories  
Team: Syed Shoaib Afridi Farhadh, Zukisani Madalane  
Advisor: Eirini Spiliotopoulou  

 

SRC Accessories is a high-volume, high product mix commodity with no tooling in place for 
supply planning. The supply planners rely on manual planning by sourcing data from a 
myriad of sources and then carrying out planning without any exception management tool 
in place. The objective of this thesis is to automate the supply planning by a single click and 
develop an exception management tool in guiding supply planners to prioritize SKUs. 
 

 

Correlation of a Carbon Shadow Price and Emission Reduction Target 
Achievement  
Team: Devender Singh, Victor Sabo  
Advisor: Susana Val  

 

This thesis investigates the relationship between the carbon shadow price and finished 
goods transportation emission reduction target. It also looks into the emission reduction 
potentials of various transportation-related emission reduction strategies for a specific 
logistics network. The carbon shadow price was calculated using efficiency analysis, 
demonstrating that the prices are highly variable. 
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