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Abstract

A significant supply disruption occurred in 2019 from a packaging component supply
shortage, impacting sites and products globally across the AstraZeneca (AZ) network.
Supply to patients continued; however, a team was created to then manage the supply
of critical materials. These materials are typically single sourced and used commonly
across multiple AZ sites and brands signifying that a disruption could impact patient
supply and AZ revenue across multiple brands. This thesis focuses on providing a
framework for evaluating risk and vulnerabilities in the sourcing of the critical material
supply chain design with a focus on primary packaging. With this methodology, users
can identify opportunities for developing a more flexible and resilient supply chain.

After analyzing a subset of Stock-Keeping Units (SKUs). and segmenting them
based on complexity and criticality, we applied the Time-to-Survive (TTS) and Time-
to-Recover (TTR) framework to identify high risk materials and supply nodes. TTR
is the time for a supply chain to recover after a disruption at a particular node.
TTS is the time the supply chain can continue operations based on demand and
inventory levels. A TTS/TTR tool was created to index and sort the high risk
materials supplemented by a process for interpreting the outputs and mitigations.
After identifying the areas of risk, we also proposed a method for analyzing the
trade-off between dual-sourcing versus holding increased inventory by evaluating the
potential return on assets (ROA) ratio.
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Chapter 1

Background and Introduction

"Our manufacturing and supply

function has continued to support

our growth by delivering every new

launch on time and in full, and

sustaining strong customer service

and product lead-time reductions."

AZ Financial Report 2020, pg. 64

1.1 Project Objectives

This thesis focuses on providing a methodology for evaluating risk and vulnerabilities

in the sourcing and supply of critical materials with a focus on primary packaging

(foils) within the EU and Asia. Critical materials are defined in this context as a

material that can be single-sourced and, if the supply is disrupted, can impact AZ

distribution and revenue. To be considered a critical material, the revenue impact

must be above a set threshold. With this methodology, users can then identify op-

portunities for developing a more flexible and resilient supply chain.
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1.2 Project Approach

The approach used in this project is shown in Table 1.1 and is divided into three

phases. During the data collection phase, key variables such as lead time, demand,

and inventory levels for selected SKUs in Europe and Asia. These SKUs represent

about 80% of the total foils market for AZ were collected from sites. Time-to-recover

(TTR) estimates were discussed with suppliers. After understanding the scope of the

supply chain, the Time-to-Survive (TTS) and TTR framework was applied. Chapter

3 provides background on the TTR/TTS framework.

A supply chain scoring model to visualize metrics such as resiliency and cost as

the foils portfolio changes will augment the TTS output. Based on the results, opti-

mization strategies like inventory redistribution and trade-offs between dual sourcing

versus increased inventory were developed. The baseline mapping model and supply

chain scoring is Excel-based and built with input from the parallel ongoing digitiza-

tion efforts, material standardization, and quality testing projects allowing for future

integration.

Although this project is based on real data, the information used in this thesis is

redacted and do not reflect actual operations.

1.2.1 Not in Scope

Not covered in this thesis include items such as material harmonization, equipment

harmonization, site efficiency metrics, and waste reduction (e.g. pursuant of sustain-

ability goals). However, these topics will be mentioned briefly as part of the analysis

in Chapter 5 and future work in Chapter 8.
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Phase Approach Key Outputs

Data Collection Baseline mapping of the ex-

isting supply chain includ-

ing supplier raw materials to

bulk material (prior to prod-

uct packing) at AZ internal

sites containing metrics such

as lead time, time to re-

cover, and inventory at spe-

cific nodes in the network.

Create additional visibility

within the foils and films port-

folio enabling stakeholders to

make more data-driven deci-

sions related to the supply

chain design.

Data Analysis Structuring data and creat-

ing a pre-processing tool to

aggregate data from multiple

sources

Understand the complexity

in the data, identify data

gaps, removal of incomplete

data, and identify oppor-

tunities within master data

project.

Tool Development Supply chain scoring model

for the key pillars such as

risk, complexity, resiliency,

sustainability, and cost effec-

tiveness showcasing trade-offs

between different strategies.

This model forms the basis

for business case recommen-

dations by also allowing for

sensitivity studies with levers

to fluctuate demand.

Table 1.1: Project Approach and Deliverables

1.3 Thesis Overview

This thesis is organized in chapters to guide the reader through an overview of the

current upstream supply chain overview for sourcing and supply of select raw mate-

rials, market dynamics, and available risk mitigation measures before discussing the

13



proposed supply chain evaluation and risk identification methodology using time-to-

survive/time-to-recover framework.

The target audience has some background knowledge in supply chain design and

traditional inventory management. For readers that would like details on the imple-

mentation of the models, we suggest focusing on Chapter 4. For readers wanting to

understand the insights and implications of the model applications, refer to Chapter

5. The content covered in each chapter is briefly described here for convenience.

Chapter 1 provides context to the project objectives, scope, and approach.

Chapter 2 introduces AstraZeneca (AZ) as well as a high-level overview of their

sourcing and supply strategy for select materials. This chapter introduces AZ’s sup-

ply chain for packaging materials as well as areas that impact supply chain design

such as market dynamics and improvement projects. These areas are introduced to

provide context around why they are important to consider when evaluating risk

and resiliency of a supply chain. The chapter ends with an overview of current risk

mitigation processes to augment the TTR/TTS framework developed in this thesis.

In Chapter 3 we review the existing literature on topics pertaining to supply

chain redesign frameworks and methods for creating a more resilient and flexible

supply chain. Here we delve deeper into the concepts of "Time-to-Survive" and

"Time-to-Recover" applied to a biopharma company along with mitigation strategies

to minimize supply chain risk. Lastly, we provide a survey of industrial applications of

supply chain redesign strategies. This chapter sets the background for the TTR/TTS

framework described in Chapter 4.

Chapter 4 discusses the methodology used to analyze the existing supply chain,

implement a time-to-survive model, and investigate mitigation options. Chapter 5

uses this model to provide an overview of the results for selected SKUs. Chapter

6 demonstrates a case study for interpreting the model and mitigation strategies to

reduce identified risks.

In Chapter 7 we provide recommendations based on the insights garnered from

Chapter 5 and Chapter 6. Finally, in Chapter 8 we offer recommendations for appli-

cation and extension of this work to other materials as well as suggestions for future

14



opportunities to investigate within the sourcing and supply landscape to continually

improve supply chain performance in this changing environment post the COVID-19

pandemic.
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Chapter 2

Company Overview

"We push the boundaries of science

to deliver life-changing medicines."

AstraZeneca Financial Report 2020

AstraZeneca (AZ) is a global pharmaceutical company active in over 100 countries

with headquarters in the United Kingdom. AZ is the product of a merger between

Astra and Zeneca in 1999. As shown in Figure 2-1, AZ works within the entire life-

cycle of a medicine from research and development, to manufacturing and supply, and

to global commercialization of primary/specialty care medicines [9].

These life changing medicines focus on three main therapy areas:

• Oncology

• Cardiovascular, Renal and Metabolism

• Respiratory Diseases

AZ has a range of capabilities such as small molecules, biologics, and devices. As

stated in AZ’s financial reports, key areas that are being evaluated within AZ are

sustainability strategies enabling reduction in scope 1 and 2 greenhouse emission and

increased access to healthcare with over 10 million people "reached through patient

assistant programs." Furthermore, with the Operations 2025 plan, the focus will shift

16



Figure 2-1: The lifecycle of medicine at AstraZeneca [9]

on "scaling [AZ’s] capabilities to support the continued growth of [AZ’s] portfolio,

combined with leveraging the benefits of new manufacturing technology and digital

innovation across [AZ’s] end-to-end supply chains"[9].

After the start of the COVID-19 pandemic there were several items in the sup-

ply chain suggested to be reviewed to understand if improvements could be made

including within the future of R&D, digital transformations, and supply chain. Nev-

ertheless, AZ was still ranked as number 13 in the Gartner Supply Chain Top 25 for

2021 with GlaxoSmithKine coming in at number 8 and Novartis at number 11 [15].

Even with the challenges placed by the pandemic, no signficant disruptions to the

supply of medicines were incurred [9].

The following sections provide an overview of certain aspects of AZ’s supply chain

related to the sourcing of foils as well as a brief summary of ongoing market trends

that could impact supply chain performance. Finally, we’ll close this chapter with an

overview of some of the existing risk mitigations processes and how the scope of this

thesis supplements these existing processes.
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2.1 Current Supply Chain Overview

Within AZ an organization called the Global External Sourcing (GES) governs the

sourcing and supply of materials such as APIs (Active Pharmaceutical Ingredients),

formulation and device sourcing as well as packaging material and PC&E (Process

Chemicals and Excipients). The role of GES is to work with external suppliers, deliver

new product supply chains, and optimize existing supply chains.

The following sections provide a high-level overview of the existing supply chain

for critical materials with the focus on primary packaging. We further examine how

the market impacts the sourcing and supply of these materials as well as how ongoing

initiatives can affect supply chain operations. The chapter ends with an overview of

the current risk mitigation strategies to provide a foundation to build the TTR/TTS

framework that will be discussed in Chapter 4.

2.1.1 Defining Critical Materials

Within the medical device and pharmaceutical industry, many source materials are

single-sourced, at times due to regulatory constraints. The Critical Materials Team

(CMT) within GES was formed to manage the suppliers that provided critical mate-

rials such as PC&E, packaging, and Bio Direct Materials. These materials are critical

to manufacture but were typically overlooked in the past as they are low spend. This

approach is different from managing API, device, and F&P as these items are equally

important, however, already have a high spend strategic supplier relationship focus.

This criticality designation is similar to the automobile industry in which certain low

spend materials (such as a circuit board) were overlooked; however, had high impact

when there was a disruption [42].

The criticality basis was defined on several factors such as how how many AZ sites

were being supplied from that site, the importance of the material to AZ, and the

financial implications if that material was lost. These materials are considered low

spend yet high impact as they are common across multiple sites.

The scope of this project is in Primary Packaging which is further described in

18



the next section, 2.1.2.

2.1.2 Sites and Material Used

This thesis focuses on primary packaging – specifically foils used for items like blister

packs. Europe primarily uses blister packs whereas the United States uses bottles;

therefore, the focus for this project was the European region as well as Asia to cover

80% of the foil use. Primary packaging is material that provides protection against

moisture, oxygen, or light. Since the primary packaging is in contact with the prod-

uct, this element of the packaging is part of the regulatory submission meaning that

if any changes are made whether on the material composition, source of materials,

or supplier – the changes may require extensive technical and regulatory work. Sec-

ondary and tertiary packaging is also quite highly regulated but not to the same

extent.

The process for making the foil can be shown in Figure 2-2. The foils themselves

vary in properties ranging from coldform, lidding foils, laminated foils, and aluminum

bags. These foils can have different layers depending on the properties that are

required. Inventory can be held at various locations in the process and in different

forms (e.g. raw material versus finished product). The scope of this project does not

evaluate which part of the process is the most economical or flexible.

Figure 2-2: Example of foil making process. In this example there are a few key steps
such a rolling the material, applying lacquer or paint depending on the specifications,
and then slitting the material to size to ultimately be distributed to the buyer’s site.

An example of the supply chain evaluated for this project is shown in 2-3 with a

simplified process flow. In this example, the supply for materials 1 and 2 are single-

sourced, whereas material 3 has two sources. Details of the supply chain evaluation

are found in Chapter 4.

AZ’s sourcing strategy has been generally single-sourced; however, there are a
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Figure 2-3: Example supply chain distribution from sourcing to production. This
network shows how the same material can be sent to multiple AZ sites and brands.
A disruption to the creation and transportation of this bulk material can thus impact
multiple geographies and markets.

handful of strategic suppliers and dual sourcing. Leverage with existing suppliers can

be difficult if based on the amount of volume supplied as AZ has a smaller volume

compared to consumer good companies.

Some of the items that impact the complexity of a supply chain include the num-

ber of raw material suppliers, the number of supplier sites, type of materials being

produced, as well as additional specifications. Each additional specification (such as

the foil width, reel weight, shiny versus dull side) has an impact on the upstream

supply chain since most products can be created from the same master reel.

The items considered are illustrated in Figure 2-4. This figure was inspired by

an article from the Boston Consulting Group [35]. They recently wrote a paper on

investigating the number of unique supply chain nodes within select biopharma and

medtech companies. A node refers to the items such as the number of suppliers,

production methods, manufacturing sites, dosages, markets, customers, etc. They

found that within biopharma there can be 7,000 unique nodes; within medtech,

11,000. It’s estimated that AstraZeneca has about 1,000 unique nodes for the foils

and films supply chain when considering the number of raw material suppliers along

with variation in complexity of the final product (e.g. width, artwork, shiny versus

dull side, etc).
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Figure 2-4: Illustration of items impacting supply chain complexity

2.1.3 Market Dynamics

These past few years have been challenging with the onset of the Covid-19 pandemic.

Healthcare systems and supply chains have been impacted with changing demands,

increases in lead times, and material price increases. Furthermore, within the UK,

there is the impact of Brexit on business which resulted in some stock building due

to the uncertainty in border arrangements and potential delays [9].

A report from McKinsey in 2020 [7] states that based on the current climate,

several items require reevaluation by companies such as creating transparency or vis-

ibility in the supply chain, understanding the risks associated with each component,

and understanding the inventory that’s available to maintain production and flexibil-

ity among the sites.

Foils are a commodity where market dynamics primarily affect the tier 2 and/or

tier 3 suppliers. Further exacerbating the material challenges is the aluminum short-

age. Although China accounts for almost 60% of the global supply, energy crises and

supply chain disruptions of magnesium in China are impacting aluminium production

[46]. Prices of aluminum are approaching a 13-year high[14]. Analyzing the lead times

from suppliers, the average quoted lead time is approximately 7 weeks depending on

the product type (e.g. printed versus unprinted lidding foil, coldform, etc). This lead

time fluctuates based on the market conditions varying ±4.5 weeks. Recently, these

lead times are extended even longer. Some companies are offering or exploring a ver-

tically integrated supply chain such as Bachem[3] and Corden Pharma [2] to mitigate

upstream sourcing constraints.
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2.2 Ongoing initiatives affecting a supply chain re-

design

In addition to market dynamics, there are several ongoing initiatives listed below

that have implications on the supply chain design. These activities relate to the

sustainability targets and supply chain flexibility with respect to the sourcing and

supply of materials. These initiatives are not isolated solely to AZ but across the

pharmaceutical industry and span a longer time-horizon (5-10 years) to implement.

1. Sustainability − There are ongoing projects to develop more sustainable ma-

terials and reduce waste. AZ has produced a sustainability report [1] outlining

some of the key targets and initiatives they are undertaking over the next 5-10

years. Novartis has disclosed that they are "aiming to eliminate PVC from all

secondary and tertiary packaging by 2025" [28]. Elimination of PVC is criti-

cal as PVC has been identified as having toxic emissions when incinerated and

potentially implementing polypropylene (PP) blister materials. The material

change is advantageous as it allows for a reduction in size of the blister packs

reducing material consumption. However, in the case where materials become

specialized, there could be sourcing issues as the material may become unique

to particular suppliers as a market differentiator.

2. Waste Reduction and Circular Design − Waste can be generated on the

production lines or with large MOQs (minimum order quantities). In production

lines, as more varieties of widths are requested, there’s an increased upstream

complexity to keep waste production low. For example, when specifying mul-

tiple foil widths, suppliers may generate various size mother reels to minimize

the amount of waste that is generated from the slitting process. The take-away

from these efforts is to understand that each additional lever for variety in SKUs

increases not only downstream complexity but upstream complexity as well.

3. Asset Standardization − In parallel to material sourcing, another aspect of

the supply chain evaluation is equipment design. As equipment reaches its end-
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of-life, equipment consolidation and standardization of equipment specifications

allow for more flexibility among the different sites.

The items listed above were considered while evaluating the supply chain risk and

mitigation for the foils sourcing and supply.

2.3 Current Risk Mitigation Processes

Supply chains can have several risks including man-made disasters, logistics chal-

lenges, and market fluctuations for raw materials as seen by the challenges within the

aluminum space as discussed in Section 2.1.3. Business continuity plans are devel-

oped to mitigate the effects of these disruptions. Furthermore, the supply chains are

periodically evaluated for opportunities such as dual or multiple sourcing of suppliers.

There are several processes that are used used in the supply chain such as S&OP

(Sales and Operations Planning) meetings, supply chain risk assessments, financial

assessments, supplier organizational maturity, etc. to identify risk. As new products

are introduced, processes such as SCAIR (Supply Chain Analysis of Interruption

Risks - an AZ specific process) are utilized to understand where there may be a risk

in the supply chain.

To continually monitor and reduce risk, some of the actions taken include strate-

gically assessing areas where dual sourcing may be needed, increasing "safety stock"

to account for increased variability in lead times, and continuously engaging suppliers

during S&OP Meetings. Historically for AZ the focus for managing risk has been on

high spend materials such as API, device, and F&P; however, the commodity items,

like packaging, are those items that have typically been overlooked yet have the high-

est impact across multiple brands. Therefore, this thesis is aptly timed as there is

a need for increased visibility and understanding of what SKUs and associated sites

are impacted. Providing a framework for understanding these high risk nodes enables

users to define strategies for mitigating the at-risk SKUs, as well as generate the

conversation around these SKUs.
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Chapter 3

Literature Review

"Two years into the pandemic, the

global supply chain continues to

sputter and break down. Each day

comes news of choked ports,

out-of-place shipping containers,

record freight rates, and other

problems that cause disruption and

defy easy answer."

World Economic Forum Davos 2022

[5]

Covid-19 accelerated an unprecedented global supply chain disruption causing

many businesses to re-evaluate their supply chains [6]. The supply chain has been

disrupted in contrasting ways whether from the supply of Personal Protective Equip-

ment (PPE) such as N95 masks [13] or the unexpected increase in demand for lumber

causing prices to increase by 300% [44] as the cost for wooden pallets doubled [4].

However, according to a recent study from McKinsey, these disruptions are to become

more frequent and are estimated to occur every 3.7 years with an average 45% loss

in one year’s EBITDA due to the disruption [27]. Pharmaceutical companies were

found to be less impacted ( 29%) due to the high inventory levels providing a level of

24



protection and priority given to life saving medicines.

However, a looming question is how should a company go about redesigning a

supply chain given the level of uncertainty in both the supply and demand side of the

supply chain given that "supply chain systems and processes employed by companies

are designed for normal operations, not for once-in-a-lifetime disruption and recovery"

[39]? Simchi-Levi further emphasized in "Three Scenarios to Guide your Global

Supply Chain Recovery" that companies need to do three things to begin to answer

the aforementioned question with the first being able to identify and understand the

areas of risks in the supply chain not just with the large suppliers or suppliers that

are directly upstream but also the sub-suppliers. A report from McKinsey found

that "only 2% of companies have visibility into their supply chain beyond the second

tier"[7]. The second and third items then follow to include effective resource allocation

and investing in mitigation strategies.

Pharmaceutical environments have additional complications during supply chain

disruptions due to the regulatory nature. An example posed by Lücker, et al. [26] was

regarding a fire or biological contamination: the site has to then undergo regulatory

approval post-event which takes time. Because of this time requirement and also the

need to maintain high service levels coupled with high product margins, maintaining

additional inventory is the typical response. Holding this additional inventory seems

reasonable when viewing the problem from a newsvendor model lens of calculating the

cost of overage (the cost of having too much inventory) versus the cost of underage

(cost of stocking out) [31].

The following sections in this chapter review factors influencing supply chain de-

sign, introduce the Time-to-Survive/Time-to-Recover framework, and summarize lit-

erature illustrating the opportunities to evaluate the trade-off between dual sourcing

and other risk mitigation strategies.
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3.1 Supply Chain Design with focus on Pharmaceu-

tical Industries

In the Key Sources of Operational Inefficiency in the Pharmaceutical Supply Chain,

Paplexi and Bamford [33] noted that "healthcare organizations are facing difficul-

ties in undertaking improvement initiatives...compared with industrial and retail sec-

tors." They elaborated that these difficulties may be related to the high level of

service that is required in the healthcare sector where "the possibility of failure is

not acceptable."[30]. Paplexi further summarized some of the key issues that affect

healthcare performance (refer to Table 2 in their paper) which included items such

as:

1. Organizational structure causing fragmentation in operations and applying prac-

tices.

2. Regulatory environments affecting adoption of improvement initiatives.

3. "Cultural Inertia" with "difficulties in changing practices, core strengths or cul-

ture due to fear of failure or fear of the unknown" or "improvement fatigue due

to some elements such as the constant treadmill of government bodies chang-

ing."

4. Cost of making changes could be constraining as there can be long development

cycles to make changes.

5. Inherent supply chain complexity because of "the impact on patient’s health

requiring an adequate and accurate supply chain."

Supply chain design features several key characteristics or levers that can be eval-

uated. This includes capacity redundancy [20], flexibility [36], procurement contracts

[34], and risk management practices. This is not an exhaustive list, but exemplifies

the fact that there are several elements of a supply chain that can assist companies

on attaining a resilient, flexible supply chain. These concepts will be explored further

in Chapter 4.
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3.1.1 Creating a more resilient, flexible supply chain

When evaluating supply chains, segmenting materials, creating visibility, and un-

derstanding forecast variability are a few areas to start investigating. Supply chain

segmentation is typically the first step to understanding how to design a supply chain.

For example, in 1983, Kraljic [21] developed a purchasing strategy weighing on two

factors fitting in a 2x2 matrix:

1. "The strategic importance of purchasing in terms of the value added

by product line, the percentage of raw materials in total costs and

their impact on profitability..."

2. "The complexity of the supply market gauged by supply scarcity,

pace of technology, and/or materials substitution, entry barriers, lo-

gistics cost or complexity..."

The Kraljic matrix from his 1983 Harvard Business [21] Review article is excerpted

below in Figure 3-1:

Figure 3-1: Excerpt of the Kraljic Matrix for procurement strategies
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Variations of these 2x2 matrices include segmenting items between the level of

demand uncertainty and lead time with an overlay of where these items would fit on

a push/pull strategy [40]. This figure can be adjusted as referenced below in Figure

3-2 regarding managing different risk categories.

Figure 3-2: Table from McKinsey report on supply chain risk management [7]

Although many papers refer to consumer goods, these approaches can be applied to

the pharmaceutical industry to understand the push-pull boundary. As with consumer

goods, a push strategy can be applied for areas of low uncertainty/long lead times and

a pull strategy for areas of high uncertainty/short lead times [40]. Chapter 4 explores

how to segment different goods to decide what management approach to take as well

as inventory methodologies to apply.

Besides material segmentation, industries have approached supply chain resiliency

and flexibility with sourcing strategies and tools to enable risk identification. Toyota

has developed a flexible supply chain by enabling each site to have the capability

of producing all types of products. They have sourced suppliers locally to enable

just-in-time delivery [32]. Cisco, a telecommunications and networking company,

has developed a "resiliency scorecard that includes four categories – manufacturing
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resiliency, supplier resiliency, component resiliency, and test equipment resiliency"

[40] to maintain visibility.

To further supplement supply chain visibility, understanding forecasting accuracy

and demand variability can help dictate whether to apply a push or pull strategy.

An article in Nature from 2013 [10] noted the inherent difficulty in pharmaceutical

forecasting given "the uncertainty of drug development, the unpredictable actions

of competitors" and regulatory/clinical aspects. Cha et al. found that "more than

60% of the consensus forecasts...were either over or under by more than 40% of the

actual peak revenues" and this pattern continued even years after the release of the

drug (albeit at a slight increase in forecast accuracy). Although this thesis does not

cover forecasting accuracy, demand forecast is a key variable in the TTR/TTS model

described in detail in Chapter 4 and can influence results.

In practice an automotive company attempted to invest in better forecasting meth-

ods; however, they found that these forecasts didn’t affect the inventory levels at the

sites. What they found was that "at the heart of the inventory crisis was not poor

forecast accuracy but rather poor choice of where the inventory is stored or positioned

in the supply chain. Repositioning stock led to a 30% reduction in inventory levels

while maintaining the same level of service and response time" [40] which leads to

sections 3.1.2 and 3.2 discussing visibility in inventory.

3.1.2 Risk Assessments and Mitigation Frameworks

Many companies have existing risk assessments and mitigation frameworks as exem-

plified in Chapter 2; however, "only a small fraction of them actively and effectively

manage risk" [40]. These risk assessments can occur at varying points in drug de-

velopment, for example, when introducing a new product to a site, or adding a new

piece of equipment, signing with a new supplier. Within AZ, risk assessment and

management is also an activity that happens continually in commerical supply as

well. Nevertheless, many companies focus their time and energy on areas of "obvious

high risk" where "total spend and performance impact are both high" or the supply

is single-sourced. Many of these risk assessment approaches focus on the resulting
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product versus the material that goes into making the product. According to Lücker,

et al. [26] many companies try to increase inventory to manage these supply chain

disruptions; however, this inventory should not be confused with operational safety

stock (e.g. stock to handle demand variability).

These traditional risk assessments may not identify low-spend items (for example,

in the automotive industry, this could be an O-ring which is a low material cost),

however, if supply is disrupted production will stop [42]) or the raw materials that

go into a key component for production (for example, in the pharmaceutical industry

this could be the aluminum that goes into the blister packs, vials, or bottle caps).

The medical device and pharmaceutical industry have an added layer of complexity

as materials are typically single-sourced. This is where re-defining how a supply chain

is evaluated becomes a necessary endeavor. In Section 3.2 we introduce the Time-

to-Survive and Time-to-Recover overview as an alternative way of viewing a supply

chain from a risk, resiliency, and flexibility perspective.

3.2 Time-to-Survive and Time-to-Recover

To mitigate some of the challenges posed in Section 3.1.2, the time-to-survive/time-to-

recover framework is posed to be applied in the sourcing and supply of raw materials

in the pharmaceutical supply chain. As suggested in Golany’s thesis for a telecom

company [17], one of the "challenges not addressed well by classical (probability and

impact) risk models is the ability to handle rare events which are unlikely to happen,

but have a potentially drastic impact." The model used in this paper is described

further in a paper by Simchi-Levi [43]. One of the first applications of using TTR

and TTS was with the Ford motor company as summarized in a review article also

by Simchi-Levi [42]. The benefit of this approach is three-fold:

1. Increase supply chain visibility and hidden risk areas.

2. Provide a more quantitative approach to making inventory and sourcing deci-

sions.
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3. Create discussion points within the organization and with suppliers.

The model has two key terms: time-to-survive and time-to-recover. Time-to-

Recover (TTR) is the time it would take a node in the supply chain to recover after

a disruption. A disruption could occur at any point in the supply chain and include

an event such as a logistics issue, a fire at a warehouse, or raw material constraints.

Time-to-Survive (TTS) is the amount of time the site can continue production before

stocking out. TTR and TTS can be applied not just for identifying areas of risk but

also areas where excess inventory was developed over time that would ultimately have

minimal impact on the supply chain during a disruption as quoted below:

"When the TTS is just a few days, these are critical suppliers and a careful

review of their TTR is necessary. By contrast, there were other suppliers

with a very long TTS (greater than 50 weeks). This is an opportunity to

cut costs since, in many cases, a long TTS is achieved by building a lot of

strategic inventory. Cutting inventory by 50%, for example, would have

very little impact on its ability to respond to a disruption" [41]

.

3.3 Trade-offs from Single versus Multi-Sourcing

After identifying materials or nodes at risk, the next step is determining what strategy

to pursue. The pharmaceutical and medical device industry has a history of applying

single sourcing strategies where single sourcing is defined here as having all material

come from a single supplier site. It is important to note that this definition only

applies at the first tier of the supply chain. Delving deeper into the many tiers of

the supply chain, there are usually cases where the supplier may be double or triple

sourced for certain materials. Alternatively, there may also be cases where a company

thinks they are dual sourced; however, somewhere in the upstream supply chain, two

different suppliers are using the same source for a material. Therefore, if that node

in the supply chain were to be disrupted, there would be minimal protection from
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dual sourcing as both suppliers use the same source. Therefore, before doing any

analysis, having a relationship with suppliers where dialogue can occur to discuss

weak nodes is critical; otherwise, the investment in dual sourcing may not minimize

the risk identified as anticipated.

A few of the advantages and disadvantages to single versus multiple sourcing are

quoted below:

"With single sourcing there are several benefits such as production cost

reductions due to economies of scale and learning effects, lower inventories

and better quality due to just-in-time and continuous improvement initia-

tives, stronger relationships, and reduced administrative costs....The flip

side to single sourcing is that it dramatically increases disruption risks.

Multiple sourcing can help reduce a firm’s exposure to various types of

risk, e.g. shortages, strikes, natural disasters, technological uncertainty

and can help maintain competitiveness between suppliers" − Namdar,

Jafar, et al. [29]

.

This results in the question of how to decide whether to pursue single, dual sourc-

ing, or another option such as spot purchasing. Several papers have recently been

published to evaluate this strategic opportunity. Namdar, Jafar et al. created a model

"incorporating the effects of collaboration using supplier recovery rate and of visibil-

ity using warning against disruption." Costantino, et al. [12] emphasized the need for

an evaluative approach to choosing souring options proposing the "Real Options ap-

proach." This model considers sourcing options in both stable and risky environments

creating a probability that a supplier would default along with the costs associated

with including a new supplier. Li & Li [23] experimented with dual sourcing from a

minimization of loss-aversion to find the optimal orders from two suppliers.

Li et al. [22] evaluated deciding between dual sourcing or single sourcing with an

emergency option. In this scenario, "the buying firm procures products from a single

supplier, and simultaneously purchases an option of buying up to a certain quan-
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tity...who guarantees the availability of the product." So when there is a disruption

event, the site has the opportunity to execute the option or not at the agreed upon

option price. Additionally, Wang et al. [45] explored modeling the differences between

dual sourcing or internal process improvements. The results from these papers varied

depending on several factors such as supplier relationships, products, costs, level of

risk acceptance, etc; therefore, no general concepts are provided.

This paper follows the methodology used in Huang et al. [19] using Return-on-

Assets as a measurement to assist in sourcing strategy decisions.
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Chapter 4

Methodology

“Information is the oil of the 21st

century, and analytics is the

combustion engine.”

Peter Sondergaard, Senior VP,

Gartner Research

4.1 Data Collection and Challenges Discussion

Before delving into the project details, there are some data collection challenges that

are actively being worked on but were not available for this project. For example,

there are diverse data management systems such as ERP and APO. Most of the raw

material codes are not included in APO; therefore, existing inventory management

tools cannot be utilized fully for the critical materials team. Currently data is ex-

tracted manually from each of the individual sites. Additionally, the raw material

connection to the final product was not readily available for the scope of this project.

Furthermore, within the supply chain visibility landscape, global real-time visi-

bility of the supply chain does not exist and therefore can be difficult to understand

market impacts on production. Nevertheless, this thesis lays the groundwork for

future system integration.
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The data collection was manually aggregated by various groups in AZ. This model

is contingent upon having continuous and reliable data to update with. A model

refresh should be completed as suggested below in Table 4.11 in the intermediate term

when the data is not connected to the main systems and need manual intervention.

Initiating Event Refresh Timing
All Inputs Minimum Annual Refresh
Market Intelligence Reports Quarterly
Lead Times Monthly
S&OP Cycle with Supplier Monthly
Demand or Inventory Changes Monthly
Time-to-Recover Minimum Annual Refresh

Table 4.1: Example of TTR/TTS model refresh timing depending on the initiating
event

4.2 Defining Supply Chain Values and Metrics

The first step in understanding AZ’s supply chain was mapping the base case and

defining what are key features we would want to characterize. Therefore, before

beginning the evaluation we selected key values, or pillars, that can be associated

with a measurable value against change to the current design. Figure 4-1 shows an

example of values that were used to define the foils and film supply chain. Definitions

and metrics defined in this paper are listed below Figure 4-1. The focus for this thesis

is on Flexibility, Resiliency, and Risk Tolerance.
1The refresh timing for Time-to-Recover can be set on a similar cadence as the refresh updates

for business continuity plans
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Figure 4-1: Supply Chain Redesign Values Pillar

Pillar Definition Metric
Flexibility The ability to respond to events or produc-

tion changes
time-to-respond

Resiliency The ability to return to the former oper-
ation with minimal to no interruption in
production [37]

(time-to-recover)
[11]

Sustainability responsibly manage material from cradle-
to-grave

product sustain-
ability index

Risk Tolerance Accepted level of risk (e.g. for example,
difference between dual and single sourc-
ing)

Risk Score via
time-to-recover

Efficient Man-
ufacturing
Production

minimize impact on production lines overall equip-
ment effective-
ness

Cost Effective minimize investment while maintaining or
increasing manufacturing productivity

(equipment
investments,
inventory costs,
etc)

Table 4.2: Example of TTR/TTS model refresh timing depending on the initiating
event
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4.3 Understanding Existing Foils and Films Supply

Chain

The scope of work included evaluating two supplier sites within foils and films for a

total number of 407 SKUs comprising of 28 brands. The regions evaluated were in

the European and Asian regions. Six types of foils were included in the analysis. The

films were excluded from the scope.

4.3.1 Nine-Box Segmentation Model of Materials

AZ has its own methodology for segmenting the final product materials; however,

this thesis takes the segmentation approach from the materials lens. Initially the

materials were segmented following the principles described in Godell’s paper on En-

abling supply chain segmentation through demand profiling [16]. These segmentation

principles were based on sales impact, volume, and demand variability to generate

Figure 4-2.

The materials were each separated by site. All data was gathered for the year

2020-2021. The following data was used to assess the material segment: demand

forecasts, sales data, and demand variability. The segmentation for demand and sales

were based on the following grouping segments: 85%, 10% (e.g. 85-95%), and 5%

(e.g. 95-100%). Using these three factors, a nine-box segmentation was developed as

described below.

Demand data was acquired from each site by understanding their forecasts. One

item to note is that this forecast data does not represent the actual orders. The

ordering data from the procurement teams at each site was not available. In the

future, using the actual purchasing data will provide a more accurate risk profile.

The demand for each SKU represented the volume production at each site. Demand

was listed from highest to lowest where the materials were then categorized as high

demand (volume) material is classified as 1, medium volume as 2, and low volume as 3

based on the aforementioned grouping segments. This same process described above
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was used for sales forecast to describe the value (i.e. sales impact) of the segmentation

process with letters in place of numbers.

For demand variability, the coefficient of variation, 𝐶𝑉 = 𝜎
𝜇

where 𝜎 is the stan-

dard deviation of demand and 𝜇 is the average demand was calculated for each SKU

on an annual basis. Items with a coefficient of variation less than 1 were considered

low, between 1-1.4 were considered medium, and greater than 1.4 high. Figure 4-2

offers a proposed segmentation approach for use with the foils SKUs. These segments

will become more pertinent when prioritizing materials identified at risk as discussed

in Section 4.4.

Figure 4-2: Example of nine box segmentation output. A, B, C = High Value,

Medium Value, Low Value, respectively. 1, 2, 3 = High Volume, Medium Volume,

Low Volume, respectively. The nine-box segmentation format and suggested actions

used the principles from Godell’s paper on supply chain segmentation [16].
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4.4 Time-To-Survive Model Development

Time-to-Survive (TTS) and Time-to-Recover (TTR) were chosen as metrics to help

analyze the risk in a supply chain metric and provide more visibility. This approach

allows for an augmented view on the existing supply chain map as shown in Table 4.3

to respond to shifts in supply and demand. Simulations can be run to prioritize the

inventory allocation if there is a market disruption. The following section describes

the additional data collection required.

Attribute Existing Approach Augmented Approach

Upstream Visibility Static supply chain mapping
of upstream AZ suppliers

Begin conversations with sup-
pliers about quantifying BCP
and TTR

Data Sourcing Manually Extracting Data Tool integration with
databases to minimize
manual data processing

Insight Generation manual data extraction com-
bined with evaluations differ-
ing depending on who is doing
the analysis

Develop set of principles
to use in conjunction with
TTS/TTR model

Table 4.3: Creating a more visible supply chain with TTS/TTR

4.4.1 Data Collection

Figure 4-3 shows an overview of the inputs and outputs from the TTS/TTR model.

In the following sections we will review the inputs and model development. Chapter

5 will review the outputs.
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Figure 4-3: Overview of inputs and outputs from the TTS/TTR model. Chapter 4

discusses the inputs. Chapter 5 discusses the outputs.

TTR working with Suppliers

As part of business continuity planning, suppliers can provide a risk matrix to indicate

the probability and impact of the event occurring as shown in Figure 4-4. However,

these matrices do not necessarily indicate how long a supplier would need to respond

to an event. This is where the engagement with the supplier is needed to understand

the Time-To-Recover from a quantitative perspective.

Figure 4-4: Example Supplier Risk Matrix showing the probability of an event occur-

ring and the associated impact. The risk matrices are inputs into business continuity

plans.
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In a Harvard Business Review (HBR) article, Simchi-Levi, Schmidt, and Wei [42]

created a proposed questionnaire to understand the impact from node disruptions.

An adapted version of this framework is shown below to facilitate dialogue and infor-

mation exchange.

• Tier 1 and beyond supplier locations and volumes

• Supplier Risk Assessments such as sourcing strategies (e.g. single versus dual

or more), alternate locations, and performance

• Time to Recover or the amount of time it would take for the site to be restored

following a disruption

However, note that the level of detail provided depends on the relationship and

availability of information. Furthermore, the responses to questions depend on how

the questions are phrased; for example, if asking a supplier for the amount of inventory

they have of a certain material, the response is actually not helpful because you do

not know their demand from other customers. However, it would be useful if there is

a level of inventory that is "book-marked" for certain operations for a specific site.

The TTR was bucketed into three segments: minimum, maximum, and average

for each node in the supply chain. The minimum TTR is the shortest time to recov-

ery (e.g. a machine failure), maximum is the longest time to recover (for example,

sourcing of raw materials), and average is the average of the minimum and maximum

recovery time. The user can ultimately select what TTR they would like to use. How-

ever, using the minimum and maximum recovery time provides the risk identification

bookends or boundaries. Using this approach allows for the company to also evaluate

if there are any outstanding TTR issues that would suggest a need for process im-

provement. For example, if the TTR during normal market conditions is greater than

6 months due to a machine failure, then a discussion could be warranted to discuss

the reliability of the machine and methods to reduce that TTR. Figure 4-5 shows an

example of a simple network.
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Figure 4-5: Example of simple supplier sourcing of three materials. In this network,

there are the raw material suppliers for each material that is used to create the bulk

material to ship to an AZ site.

Alternate sourcing does affect the TTR values. Figure 4-5 shows two cases: one

where the supply of a material is single-sourced (case 1), the other in which there

are two suppliers for a material (case 2). It is not realistic to assume that a TTR

could be 0 just because there is an additional supplier as in case 2; therefore, there

is still time accounted for bringing the second supplier up to speed. This transition

period can be avoided if there exists two active sources that are interchangeable. Not

covered in this thesis, however, was the capacity available at the additional supplier

sites. For example, in some cases there could be three suppliers of a single material

in which two out of three suppliers are used to supply said material. If one supplier

was disrupted, the third supplier would be called to start; however, this third supplier

may not be able to achieve the full capacity needed to fulfill the desired demand (e.g.

perhaps they are only able to achieve 30% of the requested demand and the remaining

supplier can satisfy 50%, so only 80% of the requested demand is fulfilled when the

original supplier is disrupted).

An abbreviated version of the TTR input sheet is shown below in Table 4.4 as

an example. This Excel-based template was provided to suppliers to document the

Time-to-Recover. The document was based on the upstream supply chain mapping
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that was already provided by AZ.

Raw Material # of Upstream Suppliers Time to Recover(weeks) Main Supply Site

Overlacquer 1 10-11 Site 1

Ink 1 1-3 Site 1

Lacquer 1 8-11 Site 1

Aluminum 2 10-17 Site 1

Polyamide Film 3 8-14 Site 1

Table 4.4: Example of table filled out by suppliers to understand the estimated TTR.

The number of upstream suppliers refer to the suppliers that are qualified to supply

that material.

Inventory (minimum versus average)

Figure 4-6 shows an example of the inventory for a material over the span of about

one year. Since the inventory levels vary throughout the year and there could be

periods of minimum inventory for months at a time before replenishment, the mini-

mum inventory levels, as shown by the dotted line in Figure 4-6 were used. This is

a conservative estimate since a disruption can occur at any time. Additionally, these

values would need to be cross-checked at the site to validate these levels.

Demand Considerations

Demand was based on the forecasted demand and not actual purchase orders. An

example of the demand is shown in Figure 4-7. The demand used was the average

monthly demand over 2020-2021. The standard deviation of the SKUs for the nine-

box segmentation was based on an aggregated SKU. This was due to the inability

to connect the SKUs to the finished pack during the course of this analysis. This

connection would be accomplished by going through the bill of materials for each

of the finished packs to identify which raw material is associated with what finished

pack(s). This data gap will be closed with ongoing data management projects at AZ.
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The result of this gap is that the variability in raw material may be reduced given

the aggregation of the forecasts.

Figure 4-6: An example of inventory levels for a foils SKU. Note that not all inventory

level plots were represented as standard as this figure. The dashed line represents

that minimum inventory level.

Figure 4-7: An example of forecasted demand for an unprinted lidding foil
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Lead Times

Lead times for the initial model were based on standard contractual lead times. Lead

times, however, can fluctuate depending on market conditions and continuous review

of lead times can help create a more accurate model. Lead times were defined as the

time for the finished product (where finished product in this case is the base material

for AZ to use in their packaging) to reach AZ after being ordered.

Lead times also include a factor for quality checks (e.g. the amount of time it

takes for the material to pass through quality once at the site). Lead times were

monitored with the supplier through normal work processes and part of the OTIF

(on-time, in-full) calculations. For the purposes of this experiment, we did not include

the variability and it is an additional feature the user can include.

A distribution of the standard lead times for an aggregated view of the finished

products is shown in Figure 4-8. The differences in lead time are due to a couple

of factors: the type of material and the location of the site in relationship to the

supplier. For suppliers located close to the production site, they can operate with

more of a just-in-time approach (allowing for material to be shipped to the site by

the end of the day).

Figure 4-8: Shows the standard lead times for selected finished products. This is an

aggregated view of different finished products.
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Finally, two additional elements to finalize the interpretation of time-to-recover

and assessing impact of risks are: quantifying the value of service and material criti-

cality.

Quantifying the Value of Service

The value of service is the financial impact that can incur as a result of the loss of

service from a disruption in the supply chain. In this case, the financial impact is

the loss of sales for the finished pack which can have varying degrees of impact. For

example, if a material is considered cross-brand (e.g. this is a material that could

be used for multiple finished packs), then the impact could be higher depending on

production levels and schedule. If a product is not available and there is a competitor

available, there can be customer churn reducing market share. In addition to the

quantitative aspects, there are also impacts to the company brand where not having

products available could reflect poorly on the company image.

In summary the value of service can be characterized as direct loss of sale and

brand value (public perception of the product). Here the value of service is estimated

solely as the estimated revenue that would be lost as a result of a material disruption.

Quantifying Material Criticality

Material criticality evaluates the impact to the patients should the material become

unavailable for a period of time. This definition of material criticality is different

from AZ standard definitions of patient criticality. This criticality is divided into

three components:

1. Therapy area associated with the finished pack. For AZ the therapy areas are

based on the following:

(a) Oncology

(b) Respiratory and Immunology

(c) Cardiovascular, Renal, and Metabolism
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(d) Neuroscience

(e) Gastrointestinal

(f) Cross-Brand

2. Impact to Patient if the patient could not access the therapeutic for a period

of time. For example, is it deleterious to the patient’s health if he/she misses a

dose or does a competitor brand exist.

3. Patent life-cycle

Based on the characteristics referenced above, the materials were categorized as

either low, medium, or high impact. This is an additional piece of information to

help users identify high risk areas to focus on generating mitigating strategies.

4.4.2 Model Design

After aggregating the forecasted demand and minimum inventory, the time-to-survive

(TTS) for each material was calculated as with inventory in units such as (kg) and

demand in (kg/month)2.

𝑇𝑖𝑚𝑒𝑇𝑜𝑆𝑢𝑟𝑣𝑖𝑣𝑒 =
𝑀𝑖𝑛𝑖𝑚𝑢𝑚𝐼𝑛𝑣𝑒𝑛𝑡𝑜𝑟𝑦

𝐷𝑒𝑚𝑎𝑛𝑑

With the time-to-survive calculated for each material and estimated times to re-

cover, the risk exposure was calculated as follows:

𝑅𝑖𝑠𝑘𝐸𝑥𝑝𝑜𝑠𝑢𝑟𝑒 = 𝐹𝑖𝑛𝑎𝑛𝑐𝑖𝑎𝑙𝐼𝑚𝑝𝑎𝑐𝑡 * (𝑇𝑇𝑆 − 𝑇𝑇𝑅)

where financial impact was in dollars lost per week, TTR (time-to-recover) and

TTS (time-to-survive) were both measured in weeks. The difference between TTR

and TTS is called the exposure time. Items were flagged as potential risks if the TTS

was less than the TTR. Items were flagged as potential opportunities for inventory

reduction if TTS was greater than TTR by 3 months or more.
2Material can also be measured in cubic meters
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The risk exposure index (REI) was normalized against the highest risk exposure

item allowing the user to view a relative risk of each material/node. This normaliza-

tion of the REI allows for users to see quickly where the highest risk materials are

relative to others as well as what node in the supply chain creates that level of risk.

To augment the TTS/TTR model, guidance on the additional stock needed to

cover the risk period was added. Additional policy stock inventory required to miti-

gate risk was calculated as shown below and is not inclusive of the current safety stock

levels. The safety stock equation used is an adjustment to the benchmark equation

[38]:

𝑆𝑆 = 𝑘 * 𝜎𝐿

where k is the safety factor determined by the desired service level, which in this

case was 99.9%. and 𝜎𝐿 is the standard deviation of lead time.

The additional inventory needed to close the risk gap and handle the variablility

in demand from time-to-recover is based on a modification to the SS equation as

𝑆𝑆 = 𝑘 * 𝜎𝑅𝑒𝑐𝑜𝑣𝑒𝑟𝑦𝑇 𝑖𝑚𝑒

The following equation is based on Huang’s paper [19] for calculating 𝜎𝑅𝑒𝑐𝑜𝑣𝑒𝑟𝑦𝑇 𝑖𝑚𝑒

when only demand variability is known:

𝜎𝑅𝑒𝑐𝑜𝑣𝑒𝑟𝑦𝑇 𝑖𝑚𝑒 = 𝜎𝑙𝑒𝑎𝑑𝑡𝑖𝑚𝑒 *

√︁
𝑇𝑇𝑅(𝑚𝑜𝑛𝑡ℎ𝑠)√︁

𝐿𝑒𝑎𝑑𝑇 𝑖𝑚𝑒(𝑚𝑜𝑛𝑡ℎ𝑠)

As the focus for this thesis is on additional policy stock (stock allocated for sup-

ply disruptions), cycle stock (stock to be used during a period), safety stock (stock

to mitigate against demand variability) and pipeline stock (stock in transit to AZ

facilities) are excluded from this analysis.
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4.5 Dual Sourcing versus Increased Inventory

One lever to creating supply chain flexibility as well as reducing risk is by dual-

sourcing. Dual-sourcing is defined as having a second manufacturing site that abides

by the regulatory market requirements [25]. This second manufacturing site should

also be a different supplier. However, consideration should be made on what the

definition of dual sourcing means for a company and for a site. Dual sourcing could

be "complete" meaning that the site has the ability to use two different materials for

all the production lines in question. Additional definitions are provided below:

1. Active Dual Source – used in production and can absorb full volume. This

is the highest level of risk mitigation.

2. Passive Dual Source – fully qualified so can run on the line but not actively

used to avoid.

3. Registered Dual Source – registered but not ran on the line. This means

the sources can be switched faster; however, feasibility work is not finalized.

4. Sole Supplier, multi-site – one supplier but two manufacturing sites.

However, dual sourcing can also mean that some production lines have the ability

to run a certain material, but other lines do not. In this case, a site may think that

they have mitigated their risk for dual sourcing; however, in reality, they have not

mitigated the risk completely because only a certain line can run that material. If

that line is down for maintenance or has had an issue, dual sourcing will not help if

the secondary material cannot be run on another line.

Data Collection

In addition to the demand and inventory data collected as referenced in the above

sections, an analysis was conducted to estimate the cost of dual-sourcing versus in-

creasing inventory. Additional information required for assessing the trade-off between

dual-sourcing versus adjusting inventory allocation were estimates of costs incurred

for dual-sourcing as well as estimates of costs for holding additional inventory.
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Model Development

The approach to evaluating the trade-off between dual-sourcing and increasing in-

ventory is adapted from a Master’s thesis by Huang and Liu [19] who explored this

concept in the medical device industry. They used the value of the Return on As-

sets (ROA) to determine whether to dual source or increase inventory. The ROA is

impacted net income and total assets. Table 4.5 shows a qualitative impact on net

income and assets from dual sourcing compared to increasing inventory in Table 4.6.

When viewing Table 4.5, there are five columns. The first column describes the

two variables that impact the ROA: net income and the asset side of the balance sheet

(referred to as solely assets). In this case, we want to look at what happens to these

two variables when choosing to dual source a material. The remaining four columns

show variables that can affect either net income or total assets. These variables are

cash, inventory, administrative expenses, and operating expenses. This table can be

viewed as an abbreviated balance sheet to understand what happens to each variable

depending upon what action is taken. An example of how cash is used for dual

sourcing expenses can be found below Table 4.5.

Impact on Net Income and Assets from Dual Sourcing

Effect Cash Inventory Admin. Expenses Op. Expenses
Net Income Decreases n.a. Decreases Decreases

Assets Decreases Depends n.a. negligible

Table 4.5: Impact on net income and assets on cash, inventory, administrative ex-
penses (admin. expenses) and operating expenses (op. expenses) from dual sourcing.
In this case, cash decreases net income and assets as it is used for creating new con-
tracts. Some of the cash may be used to buy inventory which will decrease cash on
the asset side of the balance sheet but increase inventory during the period in which
the second source is being selected and validated. Administrative expenses decrease
net income as more hours are needed to manage the new source. Operating expenses
decrease net income as packing lines are now needed to perform trials on new mate-
rials potentially reducing operations output.

To further expound on Table 4.5, for the cases of dual sourcing, cash is used for

dual sourcing expenses which can include the following items:
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• Procurement Hours to create and negotiate a new contract

• Engineering Hours for quality control, testing, new materials, etc

• Trials for testing new materials which also needs to account for down periods

in which the production lines/machines are not being used to produce final

products for sale

• Potential new tooling costs for use of newly sourced material

• Specialists hours for disciplines that may need to work part-time on the dual

sourcing efforts

• Additional inventory to account for mitigating the period between when a site

is completely dual-sourced and when the risk exposure is still evident

The impact on inventory depends as there can be an interim period in which

inventory is used as a short-term mitigation while the dual-sourcing project is being

implemented. This in turn can affect the operating expenses with holding more

inventory as well as the potential to need a new supplier manager, support from an

organization or site management for incorporating a new source to a site. Inventory

only allows for additional time to mitigate the supply disruption; however, if a single

source supplier completely fails, another source would need to be found.

Impact on Net Income and Assets from Increasing Inventory

Effect Cash Inventory Admin. Expenses Op. Expenses
Net Income n.a. n.a. n.a. Decreases

Assets Decreases Increases Negligible n.a.

Table 4.6: Impact on net income and assets on cash, inventory, administrative ex-
penses (admin. expenses) and operating expenses (op. expenses) from increasing
inventory. More information on how to interpret this table can be found in the fol-
lowing paragraph.

As with the dual sourcing referenced in Table 4.5, the increased level of inventory

has different effects on net income and assets that are assumed as follows. From a cash
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perspective, the net income is unaffected (hence not applicable or n.a. in the table)

since buying inventory doesn’t affect the cash flow on the income statement. However,

on the asset side of the balance sheet, when purchasing inventory, cash decreases while

inventory increases. With respect to inventory, there is a shelf life associated with

the material; so if demand drops suddenly, there is a possibility that the inventory

cannot be used anywhere. There is a period of time where the material becomes

obsolete and would need to be written off affecting the P & L (Profit and Loss)

sheet. Additional inventory in this scenario would not require additional resources as

the existing supplier network would be used therefore the administrative expenses are

negligible; however, operating costs would increase due to increased inventory holding

in the warehouses.

This model extends on the TTR/TTS model. After estimating inventory costs

and dual sourcing costs, the concept of return on assets (ROA) was used to evaluate

the differences between the two options as suggested by Wang and Liu [18]. The

return on assets formula is found below where net income and total assets can be

found using the financial information provided in a company’s annual reports.

𝑅𝑒𝑡𝑢𝑟𝑛𝑂𝑛𝐴𝑠𝑠𝑒𝑡𝑠(𝑅𝑂𝐴) =
𝑁𝑒𝑡𝐼𝑛𝑐𝑜𝑚𝑒

𝑇𝑜𝑡𝑎𝑙𝐴𝑠𝑠𝑒𝑡𝑠

There are several assumptions in this analysis including that cash is not borrowed.

If cash is borrowed, there will be an additional interest rate added back to the ROA

calculations. Additionally, it is assumed that dual sourcing does not incur any ad-

ditional costs related to convenience (e.g. incurring higher costs for swing capacity).

Finally, taxes were not assumed in this calculation.
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Chapter 5

Results and Discussion

“A proactive approach, combined

with a vibrant risk-management

culture, will be a game changer for

companies, helping them avoid and

manage the future disruptions in

their supply chains.”

McKinsey [7]

5.1 Base Case Supply Chain Complexity

Before exploring the application of the TTR/TTS framework, a base case evaluation

of the foils supply chain was conducted. The purpose was to understand the existing

complexity and opportunities to gain increased flexibility within the supply chain.

Flexibility here is associated with the ability to share materials among different sites

to add an additional layer of business continuity. The foil specifications (i.e. widths,

color, reel weights, etc.) are different depending on the site and machine by design

to give individual sites unique flexibility. Potential for future specifications to be of

similar widths can minimize the complexity at the site and supplier level. The overall

project strategy will depend on several projects for standardizing materials/assets

and process development to share materials over the coming years as described in
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Chapter 2. Global packing asset and specification alignment among the sites allow

for simplification of the overall supply chain.

5.2 TTR Results

A distribution of the time-to-recover for an aggregated view of the finished products is

shown below in Figures 5-1 and 5-2. As with the lead time figure (Figure 4-7) shown

in Chapter 4, the variations in time are due to a few factors: the type of material,

the location of the site in relationship to the supplier, and market dynamics. Market

dynamics include geopolitical arrangements (e.g. impact on taxation, limiting export

of materials, etc.). As with lead times for finished products, sub-suppliers located

close to the supplier’s main production site can operate with more of a just-in-time

approach (allowing for material to be shipped to the site by the end of the day).

Figure 5-1: Shows the distribution of time-to-recover times for selected materials

over a minimum TTR. This is an aggregated view of different materials over different

locations.
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Figure 5-2: Shows the distribution of time-to-recover times for selected materials over

a maximum TTR. This is an aggregated view of different materials over different

locations.

TTR # Flagged as Risk # Flagged % of SKUs % of Revenue

Min TTR 39 10% 13%

Average TTR 90 22% 30%

Max TTR 133 33% 45%

Table 5.1: Distribution of SKUs identified as being in a potential risk category and

the % of financial impact.

Table 5.1 shows a summary of the materials flagged for risk based on the mini-

mum, average, and maximum TTR. This table also shows the relative magnitude of

impact based on sales revenue (reference column "% of Revenue"). The % of Revenue

column helps the users understand the overall impact to the supply chain should they

experience such a disruption in the supply chain. In this initial evaluation, 407 SKUs

were evaluated for select material around the globe. The source data from this table
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can be found in the Appendix.

By using the minimum, maximum, and average time-to-recover, the user at a

glance can understand if there are any outstanding issues on the TTR. For example,

if a TTR is greater than, for example six months, this could be an indicator to the

company that there should be a discussion with the supplier as to why the TTR is

that high. By undergoing this exercise, suppliers can also identify areas within their

own production operations that can be improved.

Table 5.2 provides an example output from the TTR/TTS. An overview of how

to use this table is in Section 5.2.1. Figure 5-3 (top) shows the distribution of the

types of foils in which the TTR is greater than the TTS per each TTR scenario (e.g.

min, average, max). Based on the current demand profile, the printed lidding foils

appear to have the highest vulnerability. The printed lidding foils are materials that

have branded artwork and can be used for only a specific brand. Plain lidding foils

can be use across multiple brands in which the artwork can be printed on-demand.

Therefore, one mitigation to this vulnerability is to explore shifting from printed

lidding foils to plain lidding foils and then printing the artwork at internal AZ sites.

This model also allows the identification of areas where inventory may exceed the

maximum time-to-recover. For example, of the 407 SKUs, 56% had a time-to-survive

greater than 6 months. In this case, if the time-to-recover is significantly less than

the time-to-survive, there may be opportunities going forward to reduce inventory

holding and thus open up cash flow for other activities.
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5.2.1 Overview of Model Implementation Process

This section provides a method for interpreting the results from the TTR/TTS table.

Figure 5-4 is an example of a process flow diagram. This process has two parallel

paths – the first path is to evaluate what materials have not been flagged as at risk and

materials where more inventory may be allocated than required based on the time-

to-survive. Holding more inventory has risk associated with it in the pharmaceutical

landscape besides the financial ramifications. These risks include the material being

held past its expiration date or regulatory changes affecting the artwork on the foils.

After evaluating what materials may have more inventory than required, the user

can start evaluating the materials that have been identified as at risk. In a de-

centralized environment where the data systems may not be integrated and in an

environment where the TTR/TTS model is managed by a global organization versus

by individual sites, there are additional quality control steps required. The first step

of the process is evaluating what segment the material is in as described in Chapter

4. If the material is a slow mover, a different management technique is suggested

versus if the material is a fast mover. These additional steps require working with

individual sites to confirm understanding of the material’s segmentation in relation

to that site.

The next part of this process involves understanding the supplier risk. Supplier

risk can be quantified using variables such as OTIF (on-time, in-full); however, it is

also a function of the quality of relationships between the sites and the suppliers.
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After determining that the materials in question are high or medium risk and

actionable, the next steps are to consider accepting the risk and monitor, increase

inventory to buffer against a disruption event, or begin dual sourcing efforts (described

further in Chapter 6) . Figure 5-5 begins the discussion on cost impacts to the

sites. The risk exposure index is used as a means of prioritizing the materials and

then determining whether to pursue alternative options or change the policy stock

inventory.

Figure 5-5: Part II of the process implementation diagram to evaluate cost opportu-
nities

Additional considerations include discussions with the sites on items such as addi-

tional warehouse capacity and simultaneously understanding constraints on the exist-

ing budget. If there is not additional warehouse capacity available, opportunities such

as adding a 3rd party warehouse or re-positioning inventory at a supplier site can be
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discussed. In addition many operating sites may be under a budget for the year and if

purchasing additional inventory is under the responsibility of site procurement, there

is a prioritization that needs to be created for risk mitigation projects. Prioritizing

the purchase of additional inventory or even pursuing dual-sourcing projects needs

management direction and support.

5.2.2 Supply Chain Resiliency with Changes in Demand over

the next 5 years

The different materials were then subjected to a sensitivity study to understand how

does the supply chain change over the next few years. The products were characterized

as either having Declining, Low, Medium, or High Growth Potential. The following

percentage changes in demand were used to simulate how the demand forecast would

change over the next 10 years.

• Decline: -50%

• Low Growth: +1%

• Medium Growth: +10%

• High Growth: +20%

TTR Flagged as Risk Number Flagged % of SKUs % of Cost
Min TTR 33 8% 13%

Average TTR 69 17% 29%
Max TTR 118 29% 47%

Table 5.3: Distribution of SKUs with updated forecasted demand identified as being
in a potential risk category and the % of financial impact. As with Table 5.1, this
table shows the relative magnitude of impact based on sales revenue (reference column
"% of Revenue"). The % of Revenue column helps the users understand the overall
impact to the supply chain should they experience such a disruption in the supply
chain.

Table 5.3 is suggesting that using the TTR/TTS model in isolation for just the

current year or the next year may not describe the entire supply chain landscape. Us-

ing the demand lever can elaborate the supply chain risk based on anticipated growth
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or decline further allowing the user to make data driven decisions in deciding what

material to mitigate. If a material is going to decline in use over the years, pursuing

dual-sourcing options may not be the most strategic decision versus inventory adjust-

ments to close the risk gap for an average TTR. In this scenario, the total number of

materials flagged as at risk is less (220 versus 262); however, the cost impact remains

relatively the same (comparing % of cost from Table 5.1 and Table 5.3). This is due

to the high growth brands compensating for the lower growth or declining brands.

Investing in mitigating the declining or slow growth materials versus the high growth

performers puts the supply chain at additional risk because inventory is being held

for the non-optimal material. The distribution of the types of material (Figure 5-3)

also changes with a shift toward plain blister lidding foil becoming the vulnerability

point.

In the next chapter, we will go through a case study at one of the sites and work

through the process flow. We will end with determining a trade-off between dual

sourcing and increasing inventory for a segment of materials.
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Chapter 6

Case Study: Evaluating TTR and

suggested actions

“The rewards for building a resilient

organization are substantial. The

’hardened’ enterprise will be able to

not only withstand all manner of

disruption but also increase its

competitiveness."

Yossi Sheffi, 2005.

6.1 Case study: applying the TTR/TTS framework

using dashboards

Below is an example of using this time-to-survive/time-to-recover framework to assess

high risk areas and strategize mitigations. Through this case study, we’ll look at how

using dashboards combined with the TTR/TTS framework can facilitate risk analysis

and opportunity for re-positioning inventory. We will start with a global view and

work towards the specific site we want to evaluate further using the process flow

described in Chapter 5. Based on these identified risks, we will look at the trade-off
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between dual-sourcing and increasing inventory as described in Chapter 4.

Please note that the information below is based on redacted data and does not

reflect actual operations in any capacity. The following is meant only as an example

of how this tool can be used in operation.

6.2 Dashboard Use

To obtain an overview of the operations, dashboards were created using Power BI.

Power BI is a business intelligence software from Microsoft that allows users to collect

and visualize data. Any business intelligence software can be used. Figure 6-1 can

be used to quickly identify what area we would like to look at first. For this analysis,

we’ll look at the map and find the highest risk area based on the size of the circle

which represents relative risk. For this scenario, we’ll start with the region marked

by the star (Europe). The size of the circle represents the relative risk area.

Figure 6-1: Executive overview of a supply chain mapping using TTR/TTS framework
providing a global perspective. The size of the circles on the map represent the
magnitude of the risk.
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Once we arrive at the regional view, as shown in Figure 6-2, we can once again

hone in on which site to evaluate first. Once the site is selected, Figure 6-3 provides

a site level overview providing a granular view on the vulnerable materials.

Figure 6-2: Regional overview of a supply chain mapping using TTR/TTS. This is

not representative of actual operations

At the site level view, we can see that the distribution of materials at risk is as

follows: a total of 56 materials were evaluated at this site (upper left corner of the

dashboard). For this case study, we’ll look at the number of materials at risk for a

disruption that causes 2 months of average TTR (or 12 materials).

67



Figure 6-3: Site level view of packing materials. The table output columns are defined

in Chapter 5.

Figure 6-4 provides a zoomed-in view of the materials flagged at risk from Figure

6-3. Of the remaining SKUs that were not labeled at risk, 15 were found to have a

TTS greater than the maximum TTR (∼ 6 months in this scenario). These materials

have a potential for future inventory reduction after discussion with the site owners.

Referring back to Figure 6-4, the material segments and priority were verified with the

site. Given the low impact, low REI (Risk Exposure Index as defined in Chapter 4),

and low supplier risk, materials in segment 1 were classified to take no action and leave

as is. However, the materials in segment 2 were classified for further evaluation. In

this case, we’ll look at the trade-off between dual sourcing versus increasing inventory.
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Figure 6-4: TTR/TTS output from selected site showing the vulnerable materials.

Based on the process flow interpretation discussed in Chapter 5, these materials can

be split into two segments: Segment 1 are materials that need further evaluation.

Segment 2 are materials that have no action and the risk will be accepted. Not

shown in this table are the anticipated growth/decline in demand of the associated

materials.

6.3 Trade-off Dual Sourcing versus other mitigations

Dual sourcing is a strategic mitigation lever. One item to consider while dual sourcing

is the need for additional inventory to close the risk gap while the dual sourcing

efforts are underway. For this case, we are assuming that it takes 24 months to fully

implement a dual source and therefore need inventory coverage during that time.

The total estimated dual sourcing cost is $1,501,500 as shown in Table 6.1. In

addition, all costs have a margin included to reflect unknowns. If dual sourcing is

driving the costs, it’s possible to evaluate what is driving the costs and then try to

find areas to reduce them to make dual sourcing cost competitive with increasing

inventory.
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Dual Sourcing Costs Hours Rate ($/hour) Total Cost

Procurement Hours 22 250 5,500

Engineering Hours - - 440,000

Trials - - 616,000

New Tooling - - -

QA/QC/Others - - 220,000

Regulatory Specialists 2,200 100 220,000

Total Cost of Dual Sourcing $1,501,500

Table 6.1: Example of expenses from dual sourcing. Note that these values are

simulated. QA/QC are for quality control.

The costs associated with increasing inventory are both the costs for buying the

inventory plus the operating costs holding the inventory as shown in Figure 6-5. To

capture the multiple options for changing policy stock inventory, we evaluate the costs

for increasing inventory to close the gap between the TTS and min TTR, average

TTR, max TTR, and 12 months. The assumption here is that the purchasing of

inventory is a one-time cost with an associated holding cost over 5 years. Cash is

used to buy the inventory; therefore, overall assets remain unchanged on the balance

sheet.
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Figure 6-5: Summary of additional inventory costs as well as operating costs from

holding the additional inventory. The costs above reflect the additional stock needed

to close the gap between the time-to-survive and time-to-recover. The gap periods

are listed in the first column.

Table 6.2 shows the results of the ROA analysis by looking at the impacts of the

net income and net assets. The ROA of each category was compared against the

base case (e.g. the existing supply chain). The change in net income and assets are

consistent with the qualitative discussion in Chapter 4. The greater the differential,

the greater the financial impact. In this case, dual sourcing does not appear to be

the best option but rather at least mitigating up to the average TTR to decrease the

gap between the average TTR and TTS.
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Scenario Base Min TTR Dual Source 12-Months Av. TTR Max TTR

Delta ROA (%) 0 -0.49 -8.08 -5.47 -2.42 -4.23

Table 6.2: Change in Return on Assets compared to the base case scenario. Base case

scenario is no action – neither increasing inventory nor pursuing dual sourcing. The

scenarios listed here include dual sourcing, minimum, average, and maximum TTR

as well as 12-month TTR. 12-month TTR was included since many of the materials

have a 12-month inventory by default to maintain high service levels. The smaller

the change, the less impact there is to the Return on Assets.

Alternatively, if dual sourcing costs were reduced to $770k as shown by the star in

Figure 6-6, dual sourcing or increasing inventory to the average TTR would have the

same impact on the ROA. Figure 6-6 shows the reduction in dual sourcing costs that

would be required to be cost competitive with increasing inventory for risk mitigation.

However, in the cases of a total failure in supply chain (for example, a single source

supplier with a single warehouse that is caught on fire), dual sourcing can provide

a greater mitigation as the amount of inventory to hold could extend beyond a year

in this scenario to ensure operation during recovery. It is a management decision to

understand the level of risk that is accepted.

Looking beyond the financial implications for dual sourcing, there are some gen-

eral challenges within AZ to implement a dual source. For example, the sites may

not prioritize implementing a dual sourcing project due to competing activities. Fur-

thermore, there are impacts to the site OEE (overall equipment effectiveness) when

testing a new material source which may create a reluctance to implement a dual

sourcing project.
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Figure 6-6: The star indicates what the cost of dual sourcing should be to mitigate

risks up to the average TTR. In this scenario, dual sourcing or increasing inventory

would have a similar impact on the ROA.
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Chapter 7

Recommendations for Management

“Supply chains are interdependent

ecosystems. Thousands of small

suppliers feed mid-sized suppliers,

which, in turn, feed large global

corporations.”

Peter Sondergaard, Senior VP,

Gartner Research

Supply chain risk occurs when a shock to the system exposes a vulnerability in

the supply chain. Understanding the vulnerabilities, whether they are structural,

operational, material, etc., is key to choosing where to proactively invest and thereby

minimize the exposure from the supply chain shock. Given the current climate of the

supply chain and the consequences of recency bias1, it is recommended to act now

to develop the processes and systems in place to identify those areas of vulnerability.

Key to this change will be digitalization of the supply chain.

The TTR/TTS framework illustrated in Chapter 4 can be applied to existing sites

as well as become embedded as part of a new product introduction work process.

The mitigation measures evaluated in Chapter 5 and 6 are not limited to policy stock
1Recency bias is where there is more emphasis and memory placed on events currently taking

place versus those in the past. As the supply chains begin to recover, less importance may be placed
on risk mitigation frameworks. https://www.sciencedirect.com/topics/psychology/recency-effect
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development or dual-sourcing therefore this chapter discusses additional mitigation

options. However, before delving into those additional mitigation measures, we will

begin with highlighting the importance of supplier relationships for realizing some of

the benefits of the TTR/TTS framework.

7.1 Supplier Relationships

Supply chain visibility for both the supplier and the organization is critical to being

able to work together through supply chain disruptions. To achieve this layer of vis-

ibility requires collaboration as well as continually developing and nurturing existing

relationships. These relationships will be critical for not only maintaining a resilient

and flexible supply chain but also for creating innovative solutions. For an example

of supplier relationships applied in an organization, we turn to Toyota.

Aoki and Lennefors [8] cited a new perspective on an "improved" version of Toy-

ota’s keiretsu concept or "close-knit networks of vendors that continuously learn, im-

prove, and prosper along with their parent companies" [24]. This new version breaks

from the traditional approach allowing Toyota to create "supplier relationships that

are more open, global, and cost-conscious than they ever were, yet it has deepened

the trust, collaboration, and educational support that were the hallmarks of keiretsu

in their earlier form" [8].

Although there is an initial investment in developing long-term relationships, sup-

plier relationships and contributions were attributed to Toyota’s resilience from the

2009-2010 period in which Toyota recalled vehicles around the globe but was able

to increase overall quality and safety of the vehicles following reevaluation of their

own standards as well as working with the suppliers to "strengthen their quality

management...".

To create these long-term relationships, Liker and Choi wrote an article entitled

Building Deep Supplier Relationship in the Harvard Business Review [24] comparing

Toyota’s partnership model with Honda and found that their approaches were quite

similar and could be summarized as a hierarchy. A replication of this hierarchy is
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shown below in Figure 7-1:

Figure 7-1: Developing supplier relationships hierarchy adapted from Liker and Choi

[24]

AZ is practicing some of these approaches with their suppliers. For example,

by working with the suppliers to create supply chain maps, AZ is learning about

their supplier and perhaps allowing the supplier to learn even more about their own

supply chain as well (e.g. if the supplier has a decentralized organization, creating the

supply chain maps is a way to connect disparate pieces). Additionally, by continually

having S&OP meetings, both parties have the ability to share performance and share

information about upcoming market dynamics that may impact the supply chain.

7.2 Planning, Balancing, Mitigating

Outside of supplier relationships, implementation of risk mitigations as well as align-

ment on acceptable levels of risk, particularly in environments where issues may not
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exist today, is under the discretion of management collaborating with the sites. If the

TTR/TTS framework is adopted going forward, TTR can be a line item discussed

during specific S&OP meetings to continue developing transparency and visibility on

the supply chain.

The following sections showcase additional options to explore to enhance supply

chain resiliency and flexibility; however, before progressing to the next section, there

are a few initiatives that AZ is undertaking enabling exploration of the risk mitigation

options as well as better results from the TTR/TTS tool.

First an ongoing "Master Data" project where data from each site’s ERP system

is being aggregated into a single system. This project harmonizes the material codes

by standardizing the way material is stored (e.g. using the same naming convention)

to enable accessibility by users. Additionally, this project will allow for ease of identi-

fication between raw materials and finished products without needing to look up the

bill of materials each time.

Second, there is an ongoing initiative to explore upstream market intelligence tools.

These tools will enable early identification of risks in the supply chain allowing for

users of the TTR/TTS framework to zoom in on the nodes in question to proactively

mitigate a supply chain disruption.

7.2.1 Demand Forecast Accuracy

As discussed in Chapter 3, after creating a clear view of where the inventory is located,

another option is to scrutinize the forecast accuracy among the sites over the course of

the past year to assess performance. The first step is beginning with a self-assessment

to understand the status of where the company is in terms of forecasting accuracy.

With an understanding of this base case scenario, further investigation can explain the

potential sources of discrepancy (e.g. emergence of a competitor, shift in regulatory

environment and/or market changes).
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7.2.2 Inventory Re-positioning and Sharing

As discussed in Chapter 4, using the TTR/TTS framework also enables identifying

materials where the TTR is less than the TTS. This may be indicative that there is

room to reallocate inventory as discussed in the inventory re-positioning case refer-

enced in Chapter 2. It is integral to include procurement in these discussions related

to segmentation, risk indices, and mitigation plans.

Inventory sharing between the sites can also allow for increased business continuity

and flexibility. Evaluations need to include which sites need the added flexibility

and standardized methods for sharing material if there is not one already existing

(e.g. how to document material movement between sites). Tax implications, material

responsibility (i.e. once it is out of the supplier’s scope, if anything happens to the

material, does the responsibility rely on the site), and quality control would need a

defined process. Standardized quality control allows for material to be quality checked

one time and then shared among the sites.

Another inventory option is storing and earmarking inventory at a supplier site.

From a dual sourcing perspective, further work with a single supplier can be done to

evaluate how many upstream qualified suppliers and additional sites would be needed

to further enhance the resiliency of the network.
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Chapter 8

Conclusions and Future Work

“Some of Japan’s most dominant

companies owe their success not

only to technology and process

expertise but also to an often

overlooked factor:...supplier

relationships.”

Aoiki and Lennefors [8]

This thesis provided a framework for applying the TTS/TTR model to the sourc-

ing and supply of packaging materials in a pharmaceutical supply chain. The scope

included developing the model framework, the process for interpretation, the appli-

cation using Business Intelligence tools, and closing with an approach to quantify the

trade-off between dual sourcing and increasing inventory. To reiterate, the scope for

this thesis is limited to only the sourcing and supply for select foils; therefore, no

further evaluations were evaluated on other parts of the supply chain (such as distri-

bution logistics) or procurement methods. However, the foils are the most complex

category based on SKU proliferation partially driven by printed artworks; therefore,

the TTR/TTS tool complexity can be lowered as it is expanded to other materials.

For example, the bottles category has an order of magnitude lower number of SKUs

relative to foils.
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Future work can include three areas: exploring further supply chain digitaliza-

tion/harmonization, investigating upstream market intelligence applications, and de-

veloping further trade-off models for risk/resilience scoring. To achieve the benefits

of this TTR/TTS framework, employing a model that connects with existing ERP

systems will allow the organization to enhance real-time visibility on the supply chain

and areas of risk. Investigating applications that deliver upstream market intelligence

could provide a more proactive approach to managing supply chain vulnerabilities.

Additionally, further work can be done on expanding a more quantitative measure

of identifying whether to pursue single or dual sourcing strategies as there are more

refined approaches as described in Chapter 3.

However, one item to reiterate is that, regardless of the data availability and

work processes, maintaining collaborative relationships with suppliers is critical for

managing supply chain vulnerabilities as discussed in Chapter 7.
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Appendix A

Tables

Figure A-1: Example Minimum TTR materials identified at risk. This is not repre-
sentative of actual operations.
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Figure A-2: Example of materials identified at risk for an average TTR. This is not
representative of actual operations.
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Figure A-3: Example of materials identified at risk for a maximum TTR. This is not
representative of actual operations.

83



Bibliography

[1] Astrazeneca sustainability report 2021. https://www.astrazeneca.com/
content/dam/az/Sustainability/2022/pdf/Sustainability_Report_2021.
pdf. Accessed: 2022-03-31.

[2] Fully integrated supply chain.

[3] Supply and vertical integration.

[4] Supply chain latest: Prices for wooden shipping pallets are soaring - bloomberg.

[5] Tarek Sultan Al Essa. How the COVID-19 pandemic has changed supply chain
practices | World Economic Forum.

[6] Jarrah F Al-Mansour and Sanad A Al-Ajmi. Coronavirus’ covid-19’-supply chain
disruption and implications for strategy, economy, and management. The Journal
of Asian Finance, Economics, and Business, 7(9):659–672, 2020.

[7] K Alicke, X Azcue, and E Barriball. Supply-chain recovery in coronavirus
times—plan for now and the future. mckinsey and company, 2020.

[8] Katsuki Aoki and Thomas Taro Lennerfors. Global business the new, improved
keiretsu. Harvard business review, 91(9):109–+, 2013.

[9] Astrazeneca annual report and form 20-f information 2020. https:
//www.astrazeneca.com/content/dam/az/Investor_Relations/
annual-report-2020/pdf/AstraZeneca_AR_2020.pdf. Accessed: 2021-12-06.

[10] Myoung Cha, Bassel Rifai, and Pasha Sarraf. Pharmaceutical forecasting: throw-
ing darts? Nature reviews. Drug discovery, 12(10):737, 2013.

[11] Martin Christopher and Helen Peck. Building the resilient supply chain. 2004.

[12] Nicola Costantino and Roberta Pellegrino. Choosing between single and multiple
sourcing based on supplier default risk: A real options approach. Journal of
Purchasing and Supply Management, 16(1):27–40, 2010.

[13] Tinglong Dai, Ge Bai, and Gerard F Anderson. Ppe supply chain needs
data transparency and stress testing. Journal of general internal medicine,
35(9):2748–2749, 2020.

84



[14] Pratima Desai. Metals-shortages help aluminium towards 13-year highs. reuters,
2021.

[15] The gartner supply chain top 25 for 2021. https://www.gartner.com/en/
supply-chain/research/supply-chain-top-25. Accessed: 2021-12-06.

[16] Janet Godsell, Thomas Diefenbach, Chris Clemmow, Denis Towill, and Martin
Christopher. Enabling supply chain segmentation through demand profiling.
International Journal of Physical Distribution & Logistics Management, 2011.

[17] Yanai S. Golany. Master’s thesis: Enhancing service providers reliability by
mitigating supply chain risk: The case of telecommunications network, 2014.

[18] Wan-Yu Huang and Jierui Liu. Master’s thesis: A joint inventory and sourcing
strategy to balance efficiency versus risk, 2012.

[19] Wan-Yu Huang, Jierui Liu, et al. A joint inventory and sourcing strategy to
balance efficiency versus risk. PhD thesis, Massachusetts Institute of Technology,
2014.

[20] Masoud Kamalahmadi, Mansoor Shekarian, and Mahour Mellat Parast. The
impact of flexibility and redundancy on improving supply chain resilience to
disruptions. International Journal of Production Research, pages 1–29, 2021.

[21] Peter Kraljic. Purchasing must become supply management. Harvard business
review, 61(5):109–117, 1983.

[22] Bin Li, Jianhua Ji, Qi Sun, and Xinjun Li. Dealing with supply disruption risks:
dual sourcing or single sourcing with emergency option. International Journal
of Innovative Computing, Information and Control, 9(8):3391–3401, 2013.

[23] Xiang Li and Yongjian Li. On the loss-averse dual-sourcing problem under supply
disruption. Computers & Operations Research, 100:301–313, 2018.

[24] Jeffrey K Liker and Thomas Y Choi. Building deep supplier relationships. Har-
vard business review, 82(12):104–113, 2004.

[25] Florian Lücker and Ralf W Seifert. Building up resilience in a pharmaceuti-
cal supply chain through inventory, dual sourcing and agility capacity. Omega,
73:114–124, 2017.

[26] Florian Lücker, Ralf W Seifert, and Işık Biçer. Roles of inventory and reserve
capacity in mitigating supply chain disruption risk. International Journal of
Production Research, 57(4):1238–1249, 2019.

[27] Susan Lund, James Manyika, Jonathan Woetzel, Ed Barriball, and Mekala Kr-
ishnan. Risk, resilience, and rebalancing in global value chains. 2020.

[28] Katrina Megget. Blistering waste. Society of Chemical Industry, 11, 2021.

85



[29] Jafar Namdar, Xueping Li, Rupy Sawhney, and Ninad Pradhan. Supply chain
resilience for single and multiple sourcing in the presence of disruption risks.
International Journal of Production Research, 56(6):2339–2360, 2018.

[30] Gopalakrishnan Narayanamurthy, Anand Gurumurthy, Nachiappan Subrama-
nian, and Roger Moser. Assessing the readiness to implement lean in health-
care institutions–a case study. International Journal of Production Economics,
197:123–142, 2018.

[31] https://ocw.mit.edu/courses/sloan-school-of-management/
15-772j-d-lab-supply-chains-fall-2014/calendar/MIT15_772JF14_
Newsboy.pdf. Accessed: 2021-12-06.

[32] Taiichi Ohno. Toyota production system: beyond large-scale production. crc
Press, 1988.

[33] Marina Papalexi, David Bamford, and Liz Breen. Key sources of operational
inefficiency in the pharmaceutical supply chain. Supply Chain Management: An
International Journal, 2020.

[34] Carla Roberta Pereira, Martin Christopher, and Andrea Lago Da Silva. Achiev-
ing supply chain resilience: the role of procurement. Supply Chain Management:
an international journal, 2014.

[35] Pepe Rodriguez, Andres Garro, Aaron Snyder, and Ted Sisko. Building segments-
of-one supply chains in medtech and biopharma, May 2021.

[36] María Jesús Sáenz, Elena Revilla, and Beatriz Acero. Aligning supply chain
design for boosting resilience. Business Horizons, 61(3):443–452, 2018.

[37] Yossi Sheffi, James B Rice, Jonathan M Fleck, and Federico Caniato. Supply
chain response to global terrorism: A situation scan. In Center for Transporta-
tion and Logistics, MIT, Department of Management, Economics and Industrial
Engineering, Politecnico di Milano, EurOMA POMS Joint International Con-
ference, pages 1–6, 2003.

[38] Edward Allen Silver, David F Pyke, Rein Peterson, et al. Inventory management
and production planning and scheduling, volume 3. Wiley New York, 1998.

[39] D Simchi-Levi. Three scenarios to guide your global supply chain recovery. MIT
Sloan Management Review, 13, 2020.

[40] David Simchi-Levi. Operations Rules: Delivering Customer Value through Flex-
ible Operations, chapter 2-10. MIT Press, 2010.

[41] David Simchi-Levi. Find the weak link in your supply chain. Harvard Business
Review, 2015.

86



[42] David Simchi-Levi, William Schmidt, and Yehua Wei. From superstorms to
factory fires. Harvard business review, 92(1):24, 2014.

[43] David Simchi-Levi, He Wang, and Yehua Wei. Increasing supply chain robustness
through process flexibility and inventory. Production and Operations Manage-
ment, 27(8):1476–1491, 2018.

[44] G Cornelis van Kooten and Andrew Schmitz. Covid-19 impacts on us lumber
markets. Forest policy and economics, 135:102665, 2022.

[45] Yimin Wang, Wendell Gilland, and Brian Tomlin. Mitigating supply risk: Dual
sourcing or process improvement? Manufacturing & Service Operations Man-
agement, 12(3):489–510, 2010.

[46] Sarah Zimmerman. Aluminum makers warn power cuts in china could cause
magnesium shortages.

87


