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Abstract

This thesis examines how supply chains in the automotive, pharmaceutical, and grocery retail
sectors experience and respond to demand, supply, and systemic shocks. Using the Supply Chain
Operations Reference (SCOR) model as an analytical lens, the study maps sector-specific
vulnerabilities and resilience strategies across the Plan, Source, Make, Deliver, and Return
processes. The research relies on secondary data, including academic studies, policy reports, and
case evidence from major disruptions such as the 2008 financial crisis, the COVID-19 pandemic,

and natural disasters.

The findings show that disruptions often begin as localized shocks, such as semiconductor
shortages in automotive, API export bans in pharmaceuticals, or panic buying in grocery retail;
however, they can escalate into systemic shocks when amplified by structural weaknesses like
supplier concentration, regulatory rigidity, perishability, or lean logistics. Resilience strategies
differ by sector: automotive firms rely on digital visibility and sourcing diversification,
pharmaceuticals emphasize stockpiling and governance, while grocery retail prioritizes local

sourcing and agile replenishment.

Cross-sector lessons highlight the importance of multi-tier visibility, diversification, adaptive
inventory management, and collaborative governance. The study concludes that resilience should
be understood as a dynamic capability built over time, requiring both firm-level adaptation and

broader system-level governance to sustain continuity under uncertainty.
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Chapter 1 Introduction

1.1 Background

Global supply chains are increasingly vulnerable to disruptions from pandemics, geopolitical
tensions, natural disasters, and economic crises. Such events can generate both demand shocks,
such as sudden changes in consumer spending, and supply shocks, such as input shortages, factory
shutdowns, or logistics bottlenecks. In today’s interconnected global networks, these disruptions
often cascade across industries and geographies, escalating into systemic shocks that are amplified

by structural vulnerabilities (Colon & Hochrainer-Stigler, 2022).

The effects of these shocks vary by sector. The automotive industry, reliant on globally distributed,
multi-tier supply chains, was severely disrupted during COVID-19 as semiconductor shortages
halted production. Pharmaceutical supply chains, shaped by geographic concentration of Active
Pharmaceutical Ingredient (API) production and strict regulatory environments, have experienced
medicine shortages during export bans and cold chain failures. Grocery retail, with its dependence
on perishable goods and labor-intensive logistics, faced both panic buying and replenishment

failures during COVID-19, leading to stockouts and food waste.

By comparing these three sectors, this study explores how systemic shocks manifest differently
depending on supply chain structure, product characteristics, and regulatory environment. A cross-
sectoral perspective highlights both industry-specific challenges and resilience strategies that may

be transferable across industries.
1.2 Problem Definition

While disruptions to supply chains have been widely studied, most research examines individual
sectors or isolated events (e.g., semiconductor shortages, cold chain breakdowns). This overlooks
how systemic shocks affect multiple industries in parallel, and how resilience strategies might be

adapted across structurally different supply networks.

Another limitation is the tendency to analyze demand-side and supply-side shocks separately,

despite their frequent overlap. For example, grocery retailers during COVID-19 faced both surging
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demand and logistical slowdowns, while automotive firms simultaneously confronted declining
demand and critical component shortages. Without a comparative, cross-sector understanding of
how such compound shocks propagate and are mitigated, policymakers and industry leaders risk

adopting fragmented approaches that may be effective in one context but inadequate in another.

This thesis addresses that gap by systematically comparing vulnerabilities and resilience measures
across automotive, pharmaceutical, and grocery retail supply chains under conditions of systemic

shock.

1.3 Aim of the Study

This thesis aims to comparatively analyze the structural vulnerabilities and resilience strategies of
supply chains in the automotive, pharmaceutical, and grocery retail sectors when exposed to
demand- and supply-side shocks. The analysis applies the SCOR model as a unifying framework
to map where disruptions manifest across the Plan, Source, Make, Deliver, and Return processes,
and to assess the strategies adopted in response. The study has two core objectives: (1) to explain
how localized shocks can escalate into systemic disruptions, and (2) to identify resilience practices
that are transferable across sectors. In doing so, it contributes both to theoretical debates on supply

chain resilience and to practical guidance for policymakers and these industries.

1.4 Research Questions

To guide the investigation, this study addresses the following primary research question:

How do the automotive, pharmaceutical, and grocery retail supply chains differ in their
vulnerabilities and resilience strategies when exposed to demand and supply shocks, and how

can these disruptions evolve into systemic shocks?

This central question is supported by four sub-questions:

1) Vulnerabilities — What were the key demand- and supply-related vulnerabilities in each
sector during past disruptions (e.g., COVID-19 pandemic, 2008 financial crisis, natural

disasters)?
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2) Resilience Strategies — What strategies were implemented by organizations or
governments in each sector to address these vulnerabilities, and how effective were they?

3) Sector-Specific Factors — How do inherent characteristics such as product criticality,
perishability, supply chain complexity, and regulatory context influence both vulnerability
and resilience?

4) Cross-Sector Learning — What common lessons and transferable best practices can be

drawn across sectors to strengthen resilience against future shocks?

In addition, the study uses the concept of systemic shocks as a theoretical lens to interpret how
demand and supply shocks may escalate into cascading disruptions. This framing allows the
analysis to capture not only sector-specific responses but also the broader systemic risks that arise

from interdependence in global supply networks.

1.5 Data Collection

This study relies exclusively on secondary data sources, combining academic literature, industry
and policy reports, and case studies of major disruptions such as the 2008 financial crisis, the
COVID-19 pandemic, and natural disasters. This mix ensures both conceptual grounding and
empirical evidence across the three sectors, offering a balanced perspective on vulnerabilities and

resilience strategies.

1.6 Thesis Structure

This thesis is organized into five chapters.

Chapter 1: Introduction — presents the background, problem definition, aim of the study, and
research questions. It also outlines the data sources and analytical approach used to investigate
vulnerabilities and resilience strategies across three sectors: automotive, pharmaceutical, and

grocery retail.

Chapter 2: Literature Review and Conceptual Framework — synthesizes existing literature on
demand shocks, supply shocks, and systemic shocks, as well as on supply chain vulnerabilities and

resilience.
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Chapter 3: Methodology — describes the research design, including the rationale for a
comparative cross-sector approach, sector selection criteria, reliance on secondary data, coding of
vulnerabilities and resilience strategies, and the description of the SCOR model and its application

as the analytical framework for cross-sectoral comparison.

Chapter 4: Data Analysis and Results — presents the sectoral findings. Each sector’s
vulnerabilities and resilience strategies are analyzed in relation to past demand and supply shocks,
including the COVID-19 pandemic, the 2008 financial crisis, and natural disasters. The findings
are structured through the SCOR model, summarizing structural features and vulnerabilities.

Comparative tables highlight similarities and differences across sectors.

Chapter 5: Discussion and Conclusion — interprets the findings from a cross-sectoral perspective.
It explains why certain resilience strategies work in some sectors but not others, identifies
transferable lessons, and discusses policy and managerial implications. The analysis applies the
concept of systemic shocks to show how localized demand or supply disruptions escalate into
cascading disruptions. Resilience strategies are synthesized into three capacities: absorptive,
adaptive, and restorative. The chapter concludes with the study’s limitations, avenues for future

research, and a closing synthesis.
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Chapter 2 Literature Review

2.1 Introduction to the Literature Review

This chapter synthesizes the literature on supply chain shocks, vulnerabilities, and resilience
strategies, with a focus on the automotive, pharmaceutical, and grocery retail sectors. It builds the

conceptual foundation for the study’s comparative analysis.

The review is structured as follows. Section 2.2 discusses the types of supply chain shocks,
distinguishing between demand shocks, supply shocks, and systemic shocks, and clarifying how
they interact. Section 2.3 examines supply chain vulnerabilities as the underlying weaknesses that
amplify disruptions. Section 2.4 reviews the literature on supply chain resilience as a
multidimensional capability, highlighting absorptive, adaptive, and restorative functions. Finally,

section 2.5 situates the context of the automotive, pharmaceutical, and grocery retail.

By linking shocks, vulnerabilities, resilience strategies, and sectoral characteristics, the chapter

provides a structured foundation for the subsequent methodological and empirical chapters.

2.2 Types of Supply Chain Shocks

Supply chains are exposed to a wide range of disruptions, which can broadly be categorized into
demand shocks, supply shocks, and systemic shocks. Distinguishing between these categories
provides analytical clarity by illustrating how disruptions originate, propagate, and interact with

vulnerabilities within global production networks.
2.2.1 Demand Shocks

Demand shocks are defined as abrupt and high-magnitude deviations in consumption patterns that
diverge significantly from expected trends and overwhelm forecasting systems. Unlike regular
demand variation, which reflects forecastable seasonal or cyclical fluctuations, demand shocks
represent extraordinary surges or collapses that destabilize capacity planning and inventory
management. Chou et al. (2016) conceptualize such shocks as deviations that exceed the stochastic
bounds of normal demand variation, while Brinca et al. (2021) emphasize their roots in behavioral,

income, or policy-driven changes in consumers’ willingness or ability to purchase goods.
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For the purpose of this thesis, demand shocks are defined as unexpected, high-magnitude surges
or collapses in consumer demand that exceed forecast boundaries, often driven by behavioral or

policy-related changes, and requiring structural or strategic adjustments in supply chain operations.

2.2.2 Supply Shocks

Supply shocks refer to unexpected disruptions on the production side of supply chains that limit
the ability to provide goods and services. Unlike demand shocks, which stem from consumer
behavior, supply shocks come from interruptions in inputs, labor, or logistics capacity. They may
be triggered by events such as natural disasters, supplier bankruptcies, labor strikes, or policy
restrictions, all of which interfere with firms’ ability to sustain stable output (Baldwin & Freeman,

2022).

For this thesis, supply shocks are understood as sudden and high-magnitude disruptions to

production, inputs, or logistics that go beyond normal fluctuations and destabilize supply networks.

2.2.3 Systemic Shocks

While demand and supply shocks may initially emerge in isolation, they can evolve into systemic
shocks when disruptions cascade across interdependent networks and are amplified by structural
vulnerabilities. Colon and Hochrainer-Stigler (2022) explain that global supply chains
characterized by outsourcing, lean inventories, and supplier concentration create conditions where

localized failures can quickly spread across firms, sectors, and borders.

The COVID-19 pandemic is the paradigmatic example, simultaneously collapsing demand in

automotive, surging demand in grocery and pharma, and disrupting logistics globally.

For this thesis, demand and supply shocks are treated as the primary analytical categories, while
systemic shocks serve as the interpretive framework for understanding how disruptions propagate

and amplify across sectors, producing cascading and multi-sectoral impacts.

Table 2- 1 Types of Supply Chain Shocks
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Type of Definition (thesis use) Typical Triggers Key Sources
Shock

Demand | Abrupt, high-magnitude surges or = Policy changes, income Chou et al.

Shock collapses in consumer demand shocks, consumer (2016); Brinca et
that exceed forecast boundaries. | behavior shifts, panic al. (2021)

buying

Supply Unexpected disruptions on the Natural disasters, labor Baldwin &

Shock production side that limit the strikes, supplier Freeman (2022)
ability to deliver goods and bankruptcy, logistics
services. bottlenecks

Systemic | Localized demand/supply shocks | COVID-19 pandemic, Colon &

Shock that escalate through Suez Canal blockage, Hochrainer-
interdependent networks and semiconductor shortages | Stigler (2022)

amplify vulnerabilities.

Source: Author’s elaboration based on key sources above.

2.3 The Concept of Supply Chain Vulnerabilities

Vulnerabilities are the structural or operational characteristics that make supply networks more
susceptible to disruption (Pettit et al., 2010). They do not cause shocks directly, but act as

amplifiers, shaping the intensity and scope of their impact.

Typical sources of vulnerability include reliance on concentrated suppliers or geographically
clustered production, lean and just-in-time practices that reduce inventory buffers, rigid regulatory
requirements that limit flexibility, and gaps in visibility that delay detection of emerging risks.
Understanding these vulnerabilities is essential because they link shocks to resilience: when
vulnerabilities are high, shocks are more likely to cascade, and targeted resilience measures

become necessary.

2.4 The Concept of Supply Chain Resilience

If vulnerabilities represent weaknesses, resilience represents the countervailing capacity of supply
chains to withstand, adapt to, and recover from disruptions. Resilience is defined as the adaptive
capability to prepare for, respond to, and recover from unexpected events while maintaining
continuity of operations and customer service (Ponomarov & Holcomb, 2009). Unlike robustness,
which emphasizes stability, resilience emphasizes adaptability and transformation (Christopher &

Peck, 2004).
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The literature identifies three resilience capabilities:

1) Absorptive capability: withstanding shocks through buffers such as safety stock or
redundancy.

2) Adaptive capability: adjusting operations, such as shifting suppliers or production
schedules.

3) Restorative capability: returning to pre-disruption performance or transitioning to a new

stable state (Pettit et al., 2010).

Together, these dimensions capture how firms can anticipate, withstand, and recover from shocks,

linking resilience strategies directly to the vulnerabilities they are meant to offset.

2.5 Sectoral Contexts

Although shocks, vulnerabilities, and resilience can be analyzed in general conceptual terms, their
manifestation is shaped by the structural characteristics of specific industries. The automotive,
pharmaceutical, and grocery retail sectors provide contrasting cases. Automotive supply chains are
capital-intensive and globally integrated, making them sensitive to semiconductor shortages and
just-in-time fragilities. Pharmaceutical supply chains face concentrated dependence on active
pharmaceutical ingredients (APIs), regulatory rigidity, and cold chain requirements that limit
flexibility. Grocery retail, by contrast, operates with thin margins and perishability, exposing it to

forecasting errors, logistics bottlenecks, and demand surges during crisis.

Each of these sectors has experienced major disruptions from the 2008 financial crisis to the
COVID-19 pandemic and natural disasters that revealed sector-specific weaknesses and their
resilience strategies. These empirical dynamics are examined in detail in Chapter 4, where sectoral
analyses of vulnerabilities and resilience responses are presented using the SCOR model as

analytical lens.
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Chapter 3 Methodology

3.1 Research Design and Analytical Approach

This study employs a comparative qualitative research design to analyze vulnerabilities and
resilience strategies in the automotive, pharmaceutical, and grocery retail sectors. The comparative
approach enables the identification of both sector-specific dynamics and transferable practices,
offering richer insights than a single-sector study could achieve (Hantrais, 2008). The design is

exploratory and interpretive, emphasizing patterns and explanatory insights.

The research relies exclusively on secondary data, including academic literature, industry and
policy reports, and case studies of major disruptions such as the COVID-19 pandemic, the 2008
financial crisis, and natural disasters. Sources were included if they (1) explicitly addressed
demand, supply, or systemic shocks, (2) identified vulnerabilities or resilience strategies, and (3)
were published between 1998 and 2024. Triangulation across academic, policy, and case materials

ensured both conceptual grounding and empirical depth.

Analysis followed a dual framework. First, disruptions were classified by shock typology
(demand, supply, systemic), clarifying their origins and propagation. Second, vulnerabilities and
resilience strategies were mapped to the SCOR model (Plan, Source, Make, Deliver, Return),
providing a common structure for cross-sector comparison. The SCOR framework, developed by
the Supply Chain Council (2012), has been widely applied in academic literature to evaluate supply

chain processes and performance (Huat et al., 2004).

To operationalize this, the study applied an adapted thematic analysis (Braun & Clarke, 2006).
Evidence was systematically extracted from secondary sources, grouped into themes (e.g., supplier
dependency, regulatory rigidity, panic buying), aligned with resilience capabilities (absorptive,
adaptive, restorative), and mapped to the appropriate SCOR process. Comparative tables were then

constructed to highlight sector-specific vulnerabilities and transferable resilience strategies.

3.2 Conceptual Framework

The SCOR model structures the supply chain activities into five categories:
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e Plan includes activities related to balancing demand and supply, such as forecasting,
capacity planning, and aligning resources with market requirements.

e Source refers to procurement and supplier management, including identifying suppliers,
scheduling deliveries, and managing input quality and costs.

e Make covers production processes, from scheduling and manufacturing to packaging and
staging finished goods.

e Deliver involves the logistics of order management, warehousing, and transportation,
ensuring that products reach customers on time and in the right condition.

¢ Return addresses reverse flows, including product returns, warranty claims, recycling, or

recovery of assets.

Using SCOR in this study serves two purposes. First, it provides a structured way to classify
vulnerabilities and resilience strategies. For example, forecasting errors can be located under Plan,
supplier concentration under Source, production stoppages under Make, logistics bottlenecks
under Deliver, and weak return systems under Return. Second, SCOR creates a common
framework that allows cross-sector comparison of automotive, pharmaceutical, and grocery retail

supply chains, despite their structural differences (Supply Chain Council, 2012; Huan et al., 2004).

By grounding the analysis in SCOR, the study ensures consistency in categorizing vulnerabilities
and resilience strategies, while linking them to the broader literature on supply chain resilience.
The framework thus connects the typology of shocks (demand, supply, systemic) to sector-specific

weaknesses and the strategies used to mitigate them.

3.3 Sector Selection

Three sectors were chosen based on the following criteria:

e Contrasting product characteristics (durability vs. perishability, essential vs. discretionary).
¢ Distinct supply chain structures (globalized, regulated, fast inventory turnover).

e Exposure to systemic shocks (pandemics, financial crisis, natural disasters).

The diversity of these sectors makes them suitable for cross-sectoral comparison, balancing

contrast with relevance.
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Chapter 4 Data Analysis and Results

This chapter presents the main findings of the thesis. Using the SCOR model as an analytical lens,
it examines how the automotive, pharmaceutical, and grocery retail sectors have experienced and
responded to demand, supply, and systemic shocks. Building on the framework introduced in
Chapter 3, the analysis shows how shocks revealed vulnerabilities across different SCOR
processes—Plan, Source, Make, Deliver, and Return—and how firms and policymakers responded

with resilience strategies.

Each sectoral section begins with an overview of its structural characteristics, followed by an
assessment of key vulnerabilities and resilience strategies. Comparative tables are included to
highlight similarities and differences across sectors. Together, these analyses establish the

foundation for the discussion and synthesis presented in Chapter 5.
4.1 Automotive Supply Chains (ASCs)
4.1.1 Sector Overview

The automotive industry holds a central place in the global economy, not only due to its sheer scale
but also because of its influence on employment, trade, taxation, and technological innovation.
With millions of vehicles produced each year and operations spanning continents, the sector drives
industrial development and personal mobility in both advanced and emerging markets. Its
macroeconomic footprint is significant: in Germany, the automotive industry generates about 24%
of total domestic industry revenue and nearly a quarter of national exports (Okuneva & Mironyuk,
2022), while in the United States (U.S.) the wider automotive ecosystem contributes around $1.2
trillion annually, equal to a 4.8% of GDP (Alliance for Automotive Innovation, 2025). Beyond
mature economies, the industry also underpins economic transformation in rising markets such as

China, India, Mexico, and Brazil (Nieuwenhuis & Wells, 2015).

Despite being led by multinational corporations, the automotive industry is not entirely globalized
in practice. Instead, it is characterized by regionally concentrated production systems—such as
those in North America (NAFTA), Europe, and East Asia—where vehicles are typically

manufactured close to where they are sold. This regionalization is driven by the need to comply
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with distinct local regulations, meet consumer preferences, and minimize logistical costs. For
instance, around 80% of vehicles sold in the NAFTA region are produced within the same

economic bloc (Nieuwenhuis & Wells, 2015).

One of the most distinctive aspects of the automotive industry is its highly structured and tiered
supply chain architecture. Original Equipment Manufacturers (OEMs) like Toyota, Volkswagen,
and Ford have moved away from vertically integrated production and now rely on a network of
specialized suppliers. These networks are organized into tiers: Tier 1 suppliers, such as Bosch or
Denso, are system integrators who deliver major vehicle modules directly to OEMs. Tier 2 and
Tier 3 suppliers provide specialized components, materials, or services to the higher tiers. This
tiered model enables efficiency, specialization, and scalability but also introduces
interdependencies and potential systemic risks in times of disruption (Nieuwenhuis & Wells,

2015).

Another defining feature is the widespread adoption of lean production and Just-in-Time (JIT)
logistics, originally developed by Toyota. This approach minimizes inventory levels and
synchronizes production flows to demand signals through kanban systems and pull-based
scheduling. While this model increases efficiency and reduces costs, it can also heighten
vulnerability, particularly during demand shocks or supply chain disruptions where even minor

delays can halt entire assembly lines (Nieuwenhuis & Wells, 2015).

In recent decades, the industry has also embraced modular vehicle architectures and platform
strategies. By sharing core components across different models and brands, OEMs achieve greater
production flexibility and cost savings. For example, Volkswagen's MQB platform underpins
dozens of models across its brands. These strategies not only allow manufacturers to respond
quickly to market shifts but also reduce complexity in supply and logistics (Nieuwenhuis & Wells,
2015).

Furthermore, the automotive supply chain is marked by increasing technological integration and
cross-sector collaboration, particularly in electronics, software, and sustainable materials. As
vehicles become more electrified and connected, traditional boundaries between automotive,

Information Technology (IT), and energy sectors are blurring. Suppliers now play a greater role in
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Research and Development (R&D), particularly in areas like electric drivetrains, autonomous

driving systems, and digital connectivity (Nieuwenhuis & Wells, 2015).

The purpose of this section is to examine how the structural characteristics of the automotive
supply chain influence its vulnerability to demand shocks and how the sector has responded
through resilience strategies. Drawing from past crises such as the 2008 financial crisis and the
COVID-19 pandemic, this chapter provides a sector-specific analysis that contributes to a broader

cross-sectoral understanding of supply chain resilience.

4.1.2 Structural Characteristics of Automotive Supply Chains (ASCs)

The automotive supply chain is one of the most complex and globally distributed production
systems in modern manufacturing. Its structural design reflects a strategic balance between cost
efficiency, technological specialization, and responsiveness to fluctuating demand. This section
provides an in-depth analysis of the organizational configuration of the automotive supply chain,
examining its tiers, flow of value, logistical models, and digital transformation initiatives. It also

highlights the implications of these structural choices for flexibility, coordination, and resilience.

General Architecture of the Automotive Supply Chain

Automotive supply chains follow a multi-tiered structure composed of interdependent actors, each
contributing a portion of the final product’s value. At the downstream end are car dealerships and
final customers; at the upstream end are raw material suppliers and Tier 3 suppliers. The
intermediate layers involve Tier 2 component manufacturers, Tier 1 system integrators, and the
Original Equipment Manufacturer (OEM), which assembles and delivers the final vehicle. This
cascading structure reflects a gradual accumulation of value, flowing from raw inputs to complex

assemblies, and is visually represented in Figure 4-1:
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Automotive Supply Chain Sequence

Tier 2 Original
Component Equipment
Manufacturers Manufacturer
Raw Material Manufacturers (OEM) Final Cust
Suppliers create components OEM assembles inal Lustomers
final vehicle Customers

Suppliers provide
basic materials

T

Tier 1 System

purchase vehicles

Tier 3 Suppliers Integrators
Suppliers process Integrators Car Dealershlps
raw materials assemble systems

Dealerships sell
vehicles

Figure 4- 1 Automotive Supply Chain Sequence

Source: Author’s elaboration based on Nieuwenhuis & Wells (2015)

The OEM typically oversees the final assembly of the vehicle and manages strategic relationships
with Tier 1 suppliers. These Tier 1 suppliers provide complete modules or subsystems (e.g.,
transmissions, brake systems, electronic control units). Tier 2 suppliers produce smaller,
standardized components (e.g., semiconductors, injectors), while Tier 3 suppliers are often
responsible for raw materials or basic processing, such as metals or molded plastics (Kito et al.,

2014).

Automotive supply networks are pyramidal, OEM at the top, a handful of Tier 1 integrators
beneath, and many more Tiers 2/3 suppliers below, which the Honda/Acura case maps make
explicit 76 entities across tiers, with 1-2 at the top, while most firms still lack visibility beyond

Tier 1 (Choi & Hong, 2002; Soares et al., 2021).

Global Reach and Regional Specialization

Despite being organized in a global context, located automotive supply chains exhibit strong

regional clustering. Final assembly plants are usually near large consumer markets to reduce
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transport costs and meet local regulatory requirements. At the same time, many upstream
components are offshored to regions with cost advantages or specific technological capabilities,
such as Southeast Asia for electronics and Eastern Europe for labor-intensive parts manufacturing

(OECD, 2024; Eldem et al., 2022).

This geographic spread facilitates efficient sourcing but makes the supply chain vulnerable to
disruptions in transportation, border controls, and trade policy. For example, suppliers of electronic
parts located in Asia often serve multiple OEMs globally, which creates a bottleneck when demand
spikes or supply is interrupted. The COVID-19 pandemic and ensuing semiconductor crisis

illustrated the fragility of such globally stretched lean supply structures (Singh et al., 2023).

Strategic Role of Tier 1, Tier 2, and Tier 3 Suppliers

The differentiation between supply chain tiers is more than a hierarchy of complexity; it reflects
varying degrees of influence, risk exposure, and integration. Tier 1 suppliers work closely with
OEMs and often participate in co-development of subsystems. They are typically large,
multinational firms capable of managing logistics, compliance, and modular integration

(Nieuwenhuis & Wells, 2015).

Tier 2 and Tier 3 suppliers, by contrast, are more fragmented and geographically dispersed. Tier 2
suppliers may serve multiple Tier 1 clients, often without visibility into the end customer or the
vehicle platform. Tier 3 suppliers tend to operate at commodity margins and are most vulnerable
to economic shocks. Their financial fragility and limited capacity for scaling contribute to supply
bottlenecks during demand surges or when Tier 1 orders suddenly resume after downturns (Singh

et al., 2023; Kito et al., 2014).

Lean Production: Just-in-Time and Just-in-Sequence

Lean manufacturing models, particularly Just-in-Time (JIT) and Just-in-Sequence (JIS), are central
to the automotive sector’s efficiency-focused operations. JIT is a system where components arrive
exactly when needed, minimizing holding costs. JIS builds on this concept by requiring
components to be delivered in the precise sequence of vehicle assembly (Wagner & Silveira-

Camargos, 2010).
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These systems bring substantial advantages, including improved space utilization, better quality
control, and reduced working capital requirements. They align well with enterprise systems that

enable synchronized delivery, real-time tracking, and predictive scheduling (Erkayman, 2018).

However, these benefits come with risks. Both JIT and JIS are highly sensitive to disruptions. The
minimal buffer inventory and reliance on precise timing mean that even small delays in delivery
can halt production. JIS systems, in particular, demand high levels of supplier integration and IT
infrastructure. Their implementation is most effective when suppliers are geographically

proximate to OEMs (Andelkovi¢, 2017).

Field research highlights challenges in adopting these models, especially among smaller Tier 1
and Tier 2 suppliers. Issues include unstable scheduling, inadequate IT systems, and difficulties
adapting to fluctuating demand (Matson & Matson, 2007). During the COVID-19 pandemic, these
structural weaknesses were exposed, leading to widespread production halts despite efforts to

adjust delivery systems (Wagner & Silveira-Camargos, 2010).

In practice, successful implementation requires robust ERP systems, continuous data exchange
between OEMs and suppliers, and cultural alignment toward lean principles. Without these

enablers, lean production systems can become liabilities during crises (Erkayman, 2018).

To mitigate risks, some firms have introduced hybrid approaches, such as selective buffering of
critical components or reshoring high-risk suppliers. These measures aim to preserve the cost

benefits of lean operations while building in a degree of resilience.

Modularity, Platform Strategies, and Product Customization

To balance economies of scale with the need for customization, OEMs have adopted modular
platforms such as Volkswagen's MQB and Toyota's TNGA. These platforms support multiple
models using standardized architecture while enabling flexible component integration

(Nieuwenhuis & Wells, 2015).

However, modularity also increases system complexity. Suppliers must meet divergent design

specifications and ensure compatibility across platforms and regions. The tighter coupling of
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system integrators and component suppliers further compounds the risk of disruption: a failure at

one node can reverberate across multiple production lines.

Information Technology and Digital Transformation

To address coordination and visibility gaps, the industry is increasingly adopting digital
technologies. Cloud-based control towers, Internet of Things (IoT) devices, and artificial
intelligence (Al)-based forecasting tools allow OEMs and Tier 1 suppliers to monitor production

flows, predict disruptions, and simulate scenarios (Soares et al., 2021).

However, adoption is uneven. While large firms have begun implementing end-to-end digital
visibility systems, smaller Tier 2 and Tier 3 suppliers often lack the resources or technical
infrastructure to participate. This digital divide limits the effectiveness of advanced planning tools,

especially when sub-tier disruptions occur.

Further, as demonstrated by Erkayman (2018), the integration of Enterprise Resource Planning
(ERP) systems plays a critical role in enabling real-time coordination and supporting Just-in-Time
production environments. These systems help firms to dynamically adjust inventory levels,
reschedule deliveries, and align procurement with fluctuating production demands. ERP tools also
enhance supplier collaboration by centralizing data flows and streamlining operational decision-
making. Nonetheless, their implementation requires considerable investment and change
management capabilities, which can be particularly challenging for smaller or resource-

constrained suppliers.

Therefore, while digital transformation offers significant potential to increase agility and visibility,
its uneven deployment across supply chain tiers remains a structural limitation. Broader adoption
of interoperable systems and technical support programs for smaller suppliers may help bridge this

gap and increase systemic resilience.

Structural Fragility and Cascading Risks

The layered, multi-tier architecture of automotive supply networks makes them susceptible to

systemic, not merely firm-level disruptions, because distress propagates across interconnections
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in the wider network (Singh et al., 2023). During the COVID-19 chip crisis, lockdowns combined
with firms’ adaptive responses, OEM order cuts, a surge in consumer-electronics demand, and a
reallocation of foundry capacity sent shortages cascading across tiers (Ramani et al., 2022).
Concentration compounded the effect: over 80% of automotive-grade semiconductors were
produced in Asia, and adding manufacturing capacity required several years, and automotive parts
require lengthy qualification; firms could not quickly switch suppliers or processes (Ramani et al.,
2022). Coordination problems across the chain further amplified the backlog, culminating in global
assembly stoppages and an estimated US$110 billion revenue loss for automakers by May 2021
(Ramani et al., 2022).

These cascading risks are reinforced by structural dependencies and asset specificity. Many
components require long validation and re-tooling cycles; hence, switching suppliers is rarely
quick or cheap. Resilience, therefore, hinges on network-level measures such as localization and
diversified multisource, alongside a reconsideration of minimal-inventory policies (Singh et al.,

2023).

Role of Dealers and End Customers

Though often overlooked in supply chain discussions, dealers and end customers represent the
demand signal that drives production planning upstream. Automotive dealerships act as
intermediaries between OEMs and consumers, relaying information about demand fluctuations,

vehicle configurations, and service issues.

In recent years, the rise of direct-to-consumer models and digital showrooms (as seen in Tesla’s
vertical model) has begun to reshape this dynamic. This shift places greater responsibility on
OEMs to manage inventory, distribution, and after-sales services, effectively integrating

downstream supply chain stages with upstream planning (Nieuwenhuis & Wells, 2015).

This expanded structural overview not only clarifies how automotive supply chains are organized
but also serves as a basis for understanding why certain vulnerabilities emerged during demand

shocks, which is examined in the following chapter.
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4.1.3 Vulnerabilities of Automotive Supply Chains (ASCs)

e COVID-19 Pandemic

The COVID-19 pandemic served as a profound stress test for global automotive supply chains,
exposing deeply embedded structural vulnerabilities. As a large-scale, prolonged, and highly
uncertain disruption, the crisis challenged JIT practices, global sourcing strategies, and the lack of
visibility beyond Tier 1 suppliers. These weaknesses resulted in significant operational setbacks
and financial strain for both OEMs and their supplier networks (Dolgui & Ivanov, 2021; Singh et
al., 2023).

One of the most immediate consequences was the widespread shutdown of automotive assembly
plants across North America, Europe, and Asia. These closures, driven by both supply
interruptions and health-related restrictions, halted production and triggered cascading effects
across the upstream network (Singh et al., 2023; Eldem et al., 2022). As production resumed
unevenly across geographies, synchronization failures between OEMs and suppliers caused further

disruption.

A critical disruption emerged from the global semiconductor shortage that escalated in late 2020.
In response to plummeting demand early in the pandemic, OEMs scaled back chip orders.
However, as vehicle demand rebounded faster than anticipated—particularly in the premium and
electric segments—chip manufacturers were unable to meet the surge due to prior reallocation of
capacity to consumer electronics (Ramani et al., 2022). This mismatch led to widespread shortages

of electronic control units (ECUs), halting production lines at Audi, Ford, Volkswagen, and others.

The crisis highlighted a major visibility gap within automotive supply chains. Most OEMs lack
direct oversight of Tier 2 and Tier 3 suppliers, where much of the semiconductor fabrication and
subcomponent production occurs. This limited transparency meant that many firms only became
aware of disruptions after they had already cascaded downstream (Soares et al., 2021). Firms with
stronger digital capabilities, such as real-time analytics and supplier dashboards, were able to track
inventories more effectively and prioritize scarce inputs. However, these tools were mostly
concentrated among Tier 1 suppliers and OEMs, while sub-tiers often relied on manual or

fragmented systems (Soares et al., 2021).
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Logistical bottlenecks were a central driver of the automotive supply chain crisis during the
COVID-19 pandemic. Global port congestion, particularly acute between late 2020 and mid-2022,
significantly disrupted maritime schedules. The proportion of global container ship capacity idling
in ports rose by 5 percentage points—reaching 37%—compared to pre-pandemic levels, a clear
indication of reduced effective shipping capacity due to delays and port backlogs (UNCTAD,
2022). This congestion, especially in key automotive export hubs such as Shanghai and Los
Angeles, disrupted the regular flow of components like wiring harnesses and electronic modules,
which are typically transported in containers. Furthermore, these delays exacerbated the challenges

of JIT logistics models, leaving OEMs with few options to reroute or expedite critical shipments.

Inadequate demand forecasting also proved to be a structural weakness. As demand recovered in
late 2020, OEMs were unprepared to ramp up supply. Existing procurement cycles, reliant on
historical data and centralized planning, failed to account for the pace of recovery. This
misalignment delayed the availability of critical inputs, with backlogs extending well into 2022

(Ramani et al., 2022).

In summary, the COVID-19 pandemic exposed key vulnerabilities in automotive supply chains,
including overreliance on lean logistics, lack of multi-tier visibility, geographic sourcing
concentration, and inflexible procurement practices. These failures catalyzed strategic shifts
toward resilience planning, diversification, and digital integration developments, further explored

in Sections 4.1.4 and 4.1.5.

e 2008 Financial Crisis

The 2008-2009 global financial crisis constituted one of the most severe demand-side shocks the
automotive industry had ever experienced. Triggered by a collapse in consumer confidence and a
tightening of credit markets, the crisis led to a sharp and sustained decline in vehicle demand across
all major markets. This sudden contraction in demand exposed a series of structural weaknesses
within automotive supply chains, particularly in capacity planning, supplier solvency, and

financial coordination.

One of the most immediate effects was a collapse in sales and output. In the United States, light-

vehicle sales in the first quarter of 2009 were 38.4% below the same period in 2008 (which was
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already 8% below 2007), and Europe’s sales were down 17% or 24.7% excluding Germany’s
scrappage program (Sturgeon & Van Biesebroeck, 2009). Globally, vehicle production fell by
3.7% in 2008 and a further 15.8% in 2009 (Pavlinek, 2015), pushing average plant utilization to
about 63.7% in 2009 (Zirpoli et al., 2012).

This excess capacity created severe financial stress across the supply network, particularly among
lower-tier suppliers. Tier 2 and Tier 3 firms, often operating with limited reserves, experienced
rapid declines in orders and liquidity. Supplier revenues fell by 20-40% in many regions,
especially in Europe, while OEM payment delays commonly exceeded 90 days (Zirpoli et al.,
2012). Smaller suppliers were disproportionately affected, with many filing for bankruptcy or
exiting the market entirely. In Central and Eastern Europe, a key production hub for labor-intensive
components like wire harnesses, widespread layoffs and closures were reported despite relatively

competitive cost structures (Pavlinek, 2015).

Cash flow disruptions propagated throughout the value chain. The restriction of credit by financial
institutions, combined with OEM strategies to conserve liquidity, created a mismatch in financial
expectations between suppliers and customers. This not only weakened trust across tiers but also
introduced coordination failures in production planning, as suppliers struggled to respond to

rapidly changing demand signals with limited working capital (Zirpoli et al., 2012).

The crisis also revealed the fragility of global sourcing and supplier diversification strategies.
While geographic spread was previously seen as a buffer against localized disruptions, the
synchronized collapse in demand across all regions meant that many suppliers had no viable
markets to shift production toward. This exposed the limits of cost-focused globalization
strategies, particularly for firms that had overextended their operations across multiple markets

without building adequate flexibility (Pavlinek, 2015).

The interdependence of regional production systems further amplified disruption. The collapse of
demand in one country often triggered ripple effects in others due to co-location of OEMs and
their supplier networks. As Sturgeon and Van Biesebroeck (2009) note, production stoppages in
North America and Europe rapidly impacted upstream suppliers and downstream service

providers, highlighting the systemic vulnerability of tightly integrated regional clusters.
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In sum, the 2008 financial crisis revealed several critical vulnerabilities in automotive supply
chains under conditions of sudden demand collapse. These included structural overcapacity,
supplier fragility, cash flow misalignment, and an overreliance on demand forecasts that failed to
account for extreme economic downturns. While the crisis prompted short-term restructuring and
government intervention, many of the systemic weaknesses identified during this period would re-
emerge during the COVID-19 pandemic, suggesting that resilience measures remained only

partially implemented.

e Natural Disasters

Natural disasters are, first and foremost, supply-side shocks: they damage facilities, interrupt
utilities and transport, and break the tight temporal coordination on which automotive production
depends. The 2011 Great East Japan Earthquake is the canonical case. The quake and tsunami
physically damaged plants and logistics hubs and, just as importantly, knocked out electricity and
transport links for weeks. Those economy-wide constraints depressed output beyond the directly
affected prefectures and spilled over into retail and tourism, illustrating how a supply shock can

acquire demand-side features at the macro level (Kajitani et al., 2013).

At the firm and network level, the event exposed how multi-tier, JIT architectures amplify local
disruptions. A small number of upstream, highly specialized suppliers held pivotal positions; when
they failed, downstream assemblers had few immediate substitutes. A frequently cited example is
Renesas Electronics, which at the time produced a very large share of automotive microcontrollers.
When Renesas’s plants were hit, electronic control units became scarce across multiple OEMs,
and production lines far from Japan were idled because the JIT system provided almost no buffer
(Carvalho et al., 2021; Park et al., 2013). In short, the combination of component specificity,
stringent qualification requirements, and lean inventories turned a localized shock into a cascading,

cross-regional disruption.

The propagation pattern also reveals an important asymmetry. Using firm-to-firm data, Kashiwagi
et al., (2018) show that the negative effects of disaster shocks are strongly amplified within
national borders—where firms are more tightly connected and substitution options are limited—

but tend to dissipate internationally, where more diversified partners can be found. This does not
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mean global supply chains are immune; rather, it indicates that the most acute bottlenecks often

arise in dense domestic clusters that feed global networks.

Operationally, the disaster highlighted three mechanisms that matter for automotive supply chains.
First, single-site and single-supplier exposure at lower tiers creates hidden concentration risk;
many OEMs discovered critical dependencies only after shutdowns began (Carvalho et al., 2021).
Second, infrastructure interdependencies (power, ports, roads) lengthened recovery even for
undamaged plants, delaying restarts and complicating material flows (Kajitani et al., 2013). Third,
information gaps beyond Tier 1 slowed escalation and prioritization; where end-to-end mapping
was weak, firms struggled to trace which parts, platforms, and plants were most affected (Park et

al., 2013).

Taken together, these findings position natural disasters as stress tests of supply-chain design
rather than isolated “acts of God.” For the automotive sector, credible mitigation follows directly
from the observed failure modes: (1) multi-tier visibility and supplier mapping to surface hidden
dependencies; (2) selective redundancy (dual sourcing or “virtual duals” with pre-qualified
alternates) for irreplaceable components; (3) strategic inventory for long-lead, high-specificity
electronics where requalification is slow; and (4) business-continuity planning that integrates
utilities and logistics contingencies. Empirically, firms and regions that had diversified inputs and
better mapped networks restored production faster after 2011 (Carvalho et al., 2021; Park et al.,
2013). In sum, natural disasters expose how tightly coupled, lean, and concentrated systems can
convert local shocks into systemic disruption, and they point to concrete design choices that can

contain the next one.

e Vulnerabilities of Automotive Supply Chains (ASCs) Across SCOR model

The vulnerabilities of the automotive industry during major disruptions can be more clearly
understood when mapped against the SCOR model, which highlights weak points across Plan,

Source, Make, Deliver, and Return processes.

Plan — Forecasting models were rigid and missed sudden swings in demand (2008 collapse,

COVID rebound). Weak multi-tier visibility meant OEMs often saw risks too late.
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Source — High supplier concentration (semiconductors, wiring harnesses, microcontrollers) and
weak oversight beyond Tier 1 created systemic bottlenecks.

Make — JIT and JIS made production highly efficient but left no buffers. Shocks like COVID
shutdowns or the Japan earthquake showed how fast halts cascade (Matson & Matson, 2007;
Wagner & Silveira-Camargos, 2010).

Deliver — Port congestion during COVID and infrastructure failures after natural disasters
highlighted how transport bottlenecks quickly ripple through the chain.

Return — Reverse logistics and recovery options were minimal. Once shortages or oversupply
occurred, firms had almost no fallback through reuse or substitution (Wagner & Silveira-

Camargos, 2010).

These cases show that vulnerabilities are not isolated in one stage but spread across the SCOR
model. What starts as a localized shock (demand fall, chip shortage or earthquake) often turns

systemic because weaknesses exist at multiple points in the supply chain.

4.1.4 Resilience Strategies of Automotive Supply Chains (ASCs)

The automotive industry's experience with recent demand shocks has accelerated the evolution of
resilience strategies, ranging from short-term adjustments to long-term structural reforms. These
strategies vary in scope and effectiveness but commonly aim to mitigate risks, maintain operational
continuity, and adapt to supply-demand imbalances. This section examines key resilience
approaches employed by OEMs and suppliers in response to crises such as the COVID-19

pandemic and the 2008 financial crash, with an emphasis on their sector-specific relevance.

A widely adopted tactic in the post-pandemic period has been the deployment of digital visibility
tools. Technologies such as cloud-based control towers, Al-driven demand sensing, and real-time
tracking systems have enabled firms to detect disruptions earlier and improve forecasting accuracy.
According to Soares et al. (2021), firms that had already invested in digital platforms were able to
proactively reallocate resources, adjust schedules, and communicate with suppliers more
efficiently during the semiconductor crisis. Digitalization thus enhances visibility and

responsiveness, particularly in globally distributed networks.
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Another strategy has been the shift from purely lean inventory. Traditionally, the automotive sector
minimized inventory to cut costs, but the pandemic exposed the fragility of this approach. Several
OEMs have since established strategic buffer stocks for critical components such as
semiconductors, ECUs, and high-voltage batteries. While this contradicts lean principles, it offers

a buffer against high-impact, low-frequency events (Singh et al., 2023).

Supplier diversification and dual sourcing have also gained traction, especially for high-value and
long-lead-time parts. Prior to COVID-19, many OEMs relied on single-source supply relationships
to reduce transaction complexity and maintain quality control. However, the realization that
upstream suppliers (especially in East Asia) could simultaneously fail has led firms to pursue
geographic and supplier redundancy. Jum’a et al. (2024) report that companies adopting dual
sourcing for strategic components were more successful in resuming full operations within shorter

recovery windows.

Nearshoring and regionalization represent another major trend. OEMs are increasingly locating
production closer to end markets to reduce transport time, mitigate border-crossing risks, and
improve agility. This strategy is particularly relevant for large markets like NAFTA and the
European Union (EU), where suppliers are now investing in local battery and chip manufacturing.
The policy environment has also influenced this shift, with public investment in semiconductor
fabrication plants (e.g., the EU Chips Act, U.S. CHIPS Act) supporting localized resilience efforts
(OECD, 2024).

At an organizational level, several firms have implemented resilience audits and scenario planning
exercises. These tools allow OEMs to simulate potential disruption scenarios, evaluate
interdependencies across their networks, and prioritize investments. Scavarda et al. (2015) note
that such proactive planning correlates with faster decision-making and more coordinated recovery

efforts, especially when supplier tiers are mapped and interlinked in advance.

Furthermore, the pandemic catalyzed the development of emergency logistics protocols, including
expedited shipping agreements, temporary supplier onboarding, and cross-industry partnerships.

For example, companies like BMW and Stellantis signed supply deals with chip manufacturers to
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secure long-term access (Ramani et al., 2022). These collaborative strategies helped fill temporary

gaps, although they often incurred higher short-term costs.

Finally, collaborative risk-sharing frameworks have begun to emerge, especially among Tier 1
suppliers and OEMs. These include joint business continuity planning, co-investment in digital
tools, and contractual clauses that enable more flexible order management. Jum’a et al. (2024)
emphasize that resilience is most effective when treated as a shared responsibility rather than a

function pushed upstream.

In summary, the automotive sector has transitioned from reactive disruption management to more
structured resilience building. This evolution includes digital integration, hybrid inventory
strategies, sourcing diversification, localized production, and stakeholder collaboration. While
these strategies are still maturing, they represent a shift toward more resilient and adaptive supply

networks in an increasingly uncertain environment.

e Resilience Strategies of Automotive Supply Chains (ASCs) Across SCOR model

The automotive industry’s experience with recent shocks has pushed companies toward a broader
set of resilience strategies, ranging from short-term fixes to longer-term structural challenges.
These responses map across the SCOR model and reflect efforts to mitigate risks, sustain

operations, and adapt to supply-demand imbalances.

Plan — Firms are using digital twins, Al forecasting, and scenario planning to spot risks and prepare
alternative responses (Soares et al., 2021; Scavarda et al., 2015).

Source — Supplier diversification, dual sourcing, buffer stocks, and nearshoring are now common,
with policy programs like the EU and U.S. Chips Acts supporting local production (Sing et al.,
2023; Jum’a et al., 2024; OECD, 2024).

Make — Hybrid JIT models with selective buffering, and prioritization of high-margin models.
Deliver — Emergency logistics protocols, multimodal transport, and even direct supply deals with
chipmakers have been used to keep flows moving during crises (Ramani et al., 2022).

Return — Reverse logistics and circularity pilot programs are still limited.
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The sector is moving away from ad-hoc crisis management toward more structured resilience.
Nevertheless, the uptake is uneven since large OEMs and Tier 1 suppliers have made the biggest

strides, while many smaller Tier 2/3 firms still lack the capacity to implement these tools.

4.1.5 Sector-Specific Constraints of Automotive Supply Chains (ASCs)

The automotive sector is characterized by a unique set of constraints and enabling factors that
shape both its vulnerability and its capacity to recover from shocks. These characteristics stem
from the industry's high capital intensity, regulatory complexity, product diversity, and
technological evolution. Understanding these factors is critical for interpreting the structural

challenges and opportunities discussed in previous sections.

A central constraint in the automotive is its capital intensity and asset specificity. Modern car
manufacturing depends on very costly facilities such as press shops, body-in-white welding lines,
and paint shops. These are not generic assets but are typically tied to particular vehicle models.
For example, presses require large die-sets that are designed for the exact shape of a model’s
panels, welding cells are configured to join specific body geometries, and paint shops must be
adapted to new designs and finishes when models are updated. Because consumer-facing body
work changes more frequently that engines or platforms, these investments have to be renewed or
retooled regularly, even for minor facelifts. As a result, switching production to another model or
relocating to a different supplier on short notice is rarely feasible without major expense and delay

(Nieuwenhuis & Wells, 2015).

A second constraint is regulatory heterogeneity. Safety and environmental rules are not globally
harmonized: the European Union’s type-approval system operates alongside distinct U.S.
frameworks (e.g., FMVSS/CAFE), and vehicle classifications differ between the two markets. As
a result, a vehicle or component set approved for one region cannot automatically be sold in the
other, which lowers cross-region interchangeability and complicates crisis reallocation of output

(Nieuwenhuis & Wells, 2015)

Product diversity and customization trends further limit agility. The growing demand for tailored

vehicle features—such as powertrain variations, infotainment systems, and trim options—
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complicates production planning. Highly specific bills of materials limit standardization and

amplify risk when single-sourced or customized parts become unavailable (Choi & Hong, 2002).

At the technical level, system interdependencies create rigidity. Many vehicle components are
integrated into tightly specified architectures. Substituting one part often requires compatibility

across the entire system, making rapid supplier changes or redesigns impractical.

On the enabling side, the automotive industry has made notable progress in digital transformation
and strategic planning. Tools such as supply chain control towers now provide real-time visibility
across suppliers, logistics and production, allowing disruptions to be detected early and
coordinated responses to be organized. Digital twins create virtual replicas of supply chain
processes, enabling firms to simulate disruptions and test strategies before implementing them in
practice. Meanwhile, Al-enabled demand forecasting uses big data and machine learning to
anticipate shifts in demand more accurately than traditional methods. Together, these Industry 4.0
technologies enhance visibility, responsiveness, and planning capacity for OEMs and Tier 1

suppliers (Soares et al., 2021; Dolgui & Ivanov, 2021).

Relational capabilities also contribute to resilience. Long-term supplier partnerships, co-
development models, and integrated ERP platforms have enabled more agile recovery
coordination. Firms that had already established such collaborative arrangements prior to COVID-

19 were better positioned to jointly manage shortages and production restarts (Singh et al., 2023).

Furthermore, strategic shifts toward regionalization and nearshoring are emerging. Investments in
local production—particularly for semiconductors, batteries, and power electronics—are being
supported by public subsidies and industrial policies in the U.S., EU, and Asia. These
developments reduce geopolitical and logistical risks while enhancing lead-time flexibility

(OECD, 2024).

Cross-tier collaboration has also proven essential. As noted by Jum’a et al. (2024), proactive
coordination between OEMs, suppliers, and distributors improves information sharing and
response speed. Scenario planning, dual sourcing, and shared contingency plans are more effective

than reactive strategies, especially in high-demand, low-margin segments.
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Importantly, resilience is not uniformly distributed. As shown by Scavarda et al. (2015), supply
chains may be robust for some products and fragile for others depending on factors like volume
flexibility, inventory policies, and supplier performance. Therefore, resilience should be assessed

at the component or sub-system level rather than across the entire supply network.

Analytical Supply Chain Vulnerability
and Resilience Process

R Identify Key Vulnerabilities

[ Identification * Bottlenecks

Over-dependencies
Lack of visibility )

Assess Enabling Factors

Evaluation * Sector-specific constraints
\ Y, *  Cross-sector enablers

Prioritize Actionable )
Strategy Interventions

Development *  Adaptresilience strategies

Address sector priorities )
[ Implementation ]

Figure 4- 2 Analytical Supply Chain Vulnerability and Resilience Process.

Source: Author’s elaboration based on Nieuwenhuis & Wells (2015); Choi & Hong (2002); Scavarda et al.
(2015); Soares et al. (2021); Singh et al. (2023); Ramani et al. (2022); Jum’a et al. (2024); OECD (2024).

In summary, while the automotive sector faces structural limitations in terms of flexibility,
regulatory alignment, and system interdependence, it also possesses enablers that can be
strategically leveraged. These include digital integration, supplier collaboration, scenario
planning, and localization. To make these points clearer, the main sector-specific constraints and

enablers can be grouped as follows:

e Constraints: High capital intensity, asset specificity, long validation cycles, customization
trends, and fragmented sub-tiers.

e Enablers: Digital control towers and ERP systems; public policies such as the EU and
U.S. Chips Acts; long-term partnerships with Tier-1 suppliers; scenario planning and

collaborative risk-sharing initiatives.
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4.1.6 Synthesis of Automotive Supply Chains (ASCs)

Automotive vulnerabilities cluster most clearly in Source (supplier concentration) and Make (JIT
fragility). Resilience strategies have therefore centered on Plan and Source, with hybrid inventory
models, digital visibility, and sourcing diversification emerging as critical tools. However,
structural constraints, especially asset specificity and regulatory requirements, continue to slow
recovery compared with other sectors. Flexibility is also uneven across supply chain tiers. Singh
et al. (2023) show how systemic fragilities cascade through sub-tiers, with Tier 2 and Tier 3
suppliers particularly exposed due to limited buffers and weak visibility. At the same time,
Demeter et al. (2006) illustrate how OEMs and Tier 1 suppliers are bound by rigid standards and
long validation cycles, while smaller suppliers, although financially fragile, can sometimes adjust
production faster because of less capital-intensive assets. Compared with pharmaceuticals (where
stockpiling is feasible) and grocery retail (where local sourcing brings agility), the automotive
sector remains less adaptable overall, underscoring the sector-specific trade-off between efficiency

and resilience.

Table 4- 1 Structural Features and Vulnerabilities of Automotive Supply Chains (ASCs)

Feature Why it matters Ilustrative points / Key sources
examples

Multi-tier Specialization lowers = OEMs rely on T1 system Choi & Hong
architecture cost but creates integrators; sub-tier (2002); Kito et al.
(OEM-T1-T2—- | visibility gaps disruptions (T2/T3) often (2014); Soares et al.
T3) beyond Tier-1. opaque to OEMs. (2021)
Regionalized Reduces delivery cost  NAFTA/EU/East Asia Nieuwenhuis &
final assembly + | to markets but clusters; electronics and Wells (2015);
global upstream | increases exposure to | other inputs sourced from | OECD (2024);

sourcing

Lean operations

border/transport
shocks.
Cuts inventory and

Asia/Eastern Europe.

Sequence-synchronized

Eldem et al. (2022);
Singh et al. (2023)
Wagner & Silveira-

(JIT/JIS) working capital; deliveries; small timing Camargos (2010);
highly sensitive to errors can halt lines. Matson & Matson
delay variance. (2007); Andelkovic¢

(2017); Erkayman
(2018)
Platform Flexibility and scale | VW MQB/Toyota TNGA | Nieuwenhuis &
modularity economies; failures platforms share modules Wells (2015)

can propagate across
models.

across many vehicles.
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Digitalization
(ERP, control
towers, 1oT)

Supplier
concentration in
critical
components
Geographic
clustering risk

Capital intensity
& asset
specificity
Logistics & port
dependence

Downstream
demand
signaling &
channel shifts

Flexibility by
tier

Improves
coordination and
monitoring; uneven
adoption across tiers.
Single/limited
sources create
systemic bottlenecks.

Local disasters create
global ripple effects.

Slow to switch
tools/sites; long re-
qualification cycles.
Congestion quickly
disrupts synchronized
flows.

Retail/dealer
structure shapes
planning
responsiveness.

Flexibility is uneven:
OEMs less adaptable
than smaller
suppliers.

T1s/OEMs deploy
dashboards; many T2/T3s
remain spreadsheet based.

2020-21 semiconductor
shortage; Renesas MCU
disruption after 2011
quake.

2011 Great East Japan
Earthquake.

Tooling and validation
impede rapid supplier
substitution.

Global port backlogs
during COVID-19
extended lead times.

Rise of direct-to-consumer
models (e.g., Tesla)
changes
inventory/fulfilment
dynamics.

Tier 3 suppliers can
sometimes pivot faster,
while OEMs are
constrained by regulation
and asset specificity.

Soares et al. (2021);
Erkayman (2018)

Ramani et al.
(2022); Carvalho et
al. (2021)

Carvalho et al.
(2021); Park et al.
(2013)

Scavarda et al.
(2015); Singh et al.
(2023)

UNCTAD (2022)

Nieuwenhuis &
Wells (2015)

Demeter et al.
(2006); Singh et al.
(2023)

Source: Author’s elaboration based on key sources mentioned above.

4.2 Pharmaceutical Supply Chains (PSCs)

4.2.1 Sector Overview

Pharmaceutical supply chains (PSCs) are among the most globally distributed and operationally
complex value networks. They comprise interdependent processes spanning research,
development, production, regulatory approval, distribution, and delivery of products ranging from
over-the-counter (OTC) medicines to highly specialized therapies such as biologics medicines
derived from living organisms (e.g., vaccines, blood and blood components, gene and cell
therapies, and recombinant proteins) that typically require temperature-controlled handling and

tight quality controls (U.S. Food and Drug Administration [FDA], 2018). Unlike most industrial
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supply chains, pharmaceutical networks must remain commercially viable while simultaneously
meeting public-health obligations, ensuring safe, effective, and continuously available medicines

under stringent regulatory oversight (Kohler et al., 2014; Wang & Jie, 2019).

Franco and Alfonso-Lizarazo (2017) emphasize that PSCs involve complex coordination between
diverse actors, including brand-name and generic pharmaceutical manufacturers, Contract
Manufacturing Organizations (CMOs), wholesalers, distributors, healthcare providers, and
regulators. They also highlight that PSCs must ensure the uninterrupted availability of critical
medical products, often under conditions of high uncertainty and with limited redundancy. Unlike
many commercial supply chains, the pharmaceutical sector operates under an expectation of near-
perfect service levels, where stockouts can directly impact patient outcomes. This complexity is
amplified by regulatory constraints and product-specific sensitivities such as perishability, shelf-

life, and controlled substance status.

Pharmaceutical products can be broadly categorized into four major groups: (1) generic drugs, (2)
branded small molecule drugs, (3) biologics, and (4) investigational or emerging therapies. Each
group varies in its supply chain requirements and vulnerabilities. For instance, each group has
distinct supply-chain requirements. Biologics and many vaccines are temperature-sensitive and
require cold-chain handling (typically 2—8 °C), elevating monitoring needs throughout storage and
transport (Nozari & Szmelter, 2019). As biopharmaceutical pipelines expand, demand for climate-
controlled logistics is rising (Nozari & Szmelter, 2019). In contrast, generics are bioequivalent to
originators and compete in high-volume, low-margin markets, so their supply chains emphasize

cost-efficient, scalable production and tender-based distribution (Nozari & Szmelter, 2019).

A typical (PSC) begins with the synthesis or extraction of Active Pharmaceutical Ingredients
(APIs), much of which is outsourced to globally dispersed manufacturing hubs. These APIs are
then sent to facilities for formulation into finished dosage forms, followed by packaging and
distribution through wholesalers, hospitals, and pharmacies to patients. At every stage, strict
adherence to Good Manufacturing Practices (GMP) and traceability protocols is required (Kanavos

et al., 2011; Huttin, 2020).
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Pharmaceutical Supply Chain Process
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Figure 4- 3Pharmaceutical Supply Chain Process.

Source: Author’s elaboration based on FDA (2018), Franco & Alfonso-Lizarazo (2017), Huttin (2020),

Kanavos et al., (2011), Kohler (2014), Nozari & Szmelter (2019), and Wang & Jie (2019).

Key Stakeholders

The structure of PSCs is shaped by a diverse set of stakeholders:

Big Pharma: Large pharmaceutical companies such as Pfizer, Sanofi, and Roche manage
end-to-end product development and commercialization.

CMOs and Contract Development and Manufacturing Organizations (CDMOs)
support scalability and cost-efficiency by handling outsourced production stages,
particularly during product launches (Nozari & Szmelter, 2019).

Wholesalers & Distributors: Intermediaries like McKesson and AmerisourceBergen
manage bulk distribution and logistics.

Group Purchasing Organizations (GPOs): Particularly influential in the U.S. and EU,

GPOs negotiate large volume purchasing agreements on behalf of hospitals and clinics
(Haakonsson, 2009).
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¢ Regulatory Bodies: Agencies such as the FDA, the European Medicines Agency (EMA),
and the World Health Organization (WHO) oversee product safety, efficacy, and market
approval.

e Public Health Agencies & End Consumers: Especially in low- and middle-income
countries (LMICs), these actors shape supply chain priorities around access and

affordability (Kohler et al., 2014).

Critical Role During Shocks

PSCs play a critical role when demand shocks occur since they are directly tied to public health
and patient survival. At the same time, the COVID-19 pandemic showed how fragile these systems
can be, with simultaneous supply and demand disruptions exposing dependencies on overseas
suppliers, API shortages, and regulatory bottlenecks disrupting access to essential medications

across many regions (DPW, 2025; Kohler et al., 2014).

Moreover, PSCs have inherent structural rigidity due to long product development cycles, batch-
based production constraints, and complex impurity control standards, which limit responsiveness
to rapid demand surges (Wang & Jie, 2019). Regulatory inertia and political decisions, such as

sudden trade barriers or export bans, further exacerbate systemic fragility (Kano et al., 2022).

In light of these challenges, governments and pharmaceutical firms have increasingly explored
resilience strategies, including reshoring critical production, enhancing traceability through digital
platforms like blockchain, and strengthening public-private risk-sharing mechanisms (Panda &

Satapathy, 2021; Kohler et al., 2014).

Taken together, these factors underscore the essential role of PSCs in ensuring global health
security. A robust understanding of their structural composition, actor interdependencies, and
adaptive capacity is critical for formulating effective resilience strategies in the face of future

shocks.
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4.2.2 Structural Characteristics of Pharmaceutical Supply Chains (PSCs)

PSCs are characterized by globally distributed sourcing. Only 28% of the API manufacturing sites
that supply the U.S. are domestic; the rest are overseas, about 13% in China and 18% in India
(FDA, 2019). This dependence is not just commercial but a health-security risk, because adding
or switching an API supplier typically takes ~12—15 months for comparability testing, process
validation, and regulatory approval; developing a brand-new API source can take four or more
years (Sardella, 2021). Concentration of API capacity in a few countries, therefore, leaves PSCs
exposed to export bans and lockdowns and constrains their ability to ramp supply quickly during

demand shocks (FDA, 2019; Sardella, 2021).

Global Sourcing @ Long Lead Times .':Cx:)-‘:

Reliance on China/India

for APls Batch Processes

Geopolitical Risks Inefficient Logistics

Structural Issues in
> n"ﬂb Pharmaceutical Supply
Chains

Data Integration
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FDA and EMA . .
Regulations Sub-tier API Suppliers
Regulatory Rigidity EIA Visibility Gaps HF’

Figure 4- 4Structural Issues in Pharmaceutical Supply Chains.

Source: Author’s elaboration based on FDA (2019) and Sardella (2021).

Another defining feature of PSCs is their regulatory complexity. Agencies such as the FDA and
the EMA enforce strict compliance protocols—including Good Manufacturing Practices (GMP),
serialization, and traceability requirements—that can slow response during crises (Ellis, 2020).
Regulatory fragmentation across jurisdictions further complicates coordination, particularly in

LMICs where duplicative approval processes extend time-to-market (Narsai et al., 2022; Mubarak
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et al., 2024). Moreover, global regulatory frameworks are not uniformly harmonized, which limits

the sector's agility in reallocating or scaling production (Vogel, 1998).

The sector also faces long lead times driven by batch-based manufacturing processes. These are
required to meet strict quality and validation protocols. Batch manufacturing, while essential for
quality assurance (QA), introduces delays due to multistep reviews, such as batch record checks
and QA hold times (Eberle et al., 2014). Simulation models show that these delays—especially
under "as-is" configurations (e.g., current industry practices without advanced visibility or early
warning systems)—can significantly worsen shortages (Choi et al., 2015). Monte Carlo analyses
and digital twin strategies suggest that while some lead time reduction is possible, structural
constraints rooted in compliance requirements persist (Spindler et al., 2021). Recent academic
modeling from a master’s thesis by Ploszczuk and Nolan (2021) proposes that postponement
strategies—such as delaying labeling or final packaging to downstream distribution hubs—can
improve responsiveness in rare-disease medicine supply chains by reducing inventory pressure

and accelerating delivery timelines.

Another structural weakness is the lack of supply chain visibility, particularly beyond Tier 1
suppliers. While pharmaceutical firms often maintain close oversight of direct partners such as
contract manufacturers and packaging providers, sub-tier actors—including API producers,
excipient manufacturers, and raw material suppliers—remain largely opaque (Ellis, 2020). This

gap hinders risk identification and contingency planning, especially in complex global networks.

Taken together, these structural features—geopolitical sourcing risk, regulatory rigidity, process
inflexibility, and information opacity—render PSCs particularly vulnerable during demand
shocks. Understanding and addressing these underlying constraints is essential to building

resilience in the sector.

Table 4- 2 Structural Vulnerabilities in Pharmaceutical Supply Chains.

Structural Description Example Key Source
Feature
Global 80%+ of APIs imported from | Supply disruption Masoumi et al., 2012
Sourcing China/India from Wuhan
Regulatory Fragmented and duplicative Delays in African Narsai et al., 2012
Rigidity compliance requirements drug approvals
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Lead Time & QA and GMP-based delays in | Delayed sterile Eberle et al., 2014

Batching release and inspection injectables
Visibility Gaps | Limited sub-tier supplier Unknown API Ellis, 2020;
transparency origin Trautmann et al.,

2022
Source: Author’s elaboration based on key sources above.

4.2.3 Vulnerabilities of Pharmaceutical Supply Chains (PSCs)

PSCs exhibit significant structural vulnerabilities when exposed to large-scale, supply shocks.
Disruptive events such as the COVID-19 pandemic and natural disasters have revealed systemic
weaknesses in production, regulation, logistics, and supplier diversification. This section analyzes
these vulnerabilities, focusing on pandemic-induced disruptions and geographically localized

hazards that have had global consequences.

e COVID-19 Pandemic

The COVID-19 pandemic presented a global stress test for PSCs. The crisis exposed the fragility
of systems heavily reliant on concentrated sourcing, minimal redundancy, and slow regulatory

responsces.

Shortages of APIs

A sharp rise in global demand for medications and medical supplies, combined with export
restrictions, led to critical shortages. India, a major exporter of APIs, imposed bans on 26 essential
APIs, including hydroxychloroquine and metronidazole, while Finland and other EU countries
adopted protectionist measures (Piatek et al., 2020). In the United States, over 190 drug shortages
were recorded during the pandemic, many linked to supply disruptions from India and China

(DPW, 2025; Piatek et al., 2020).

Lack of Manufacturing Redundancy

The concentration of API manufacturing in India and China—accounting for approximately 82%
of global supply—created severe bottlenecks when factories shut down under lockdowns (DPW,

2025). The United States, for example, produces only 28% of its consumed APIs domestically
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(National Academies of Sciences, Engineering, and Medicine [NASEM], 2022), making it
particularly vulnerable. Many pharmaceutical companies also lacked contingency manufacturing

capacity, a consequence of years of cost-driven outsourcing and just-in-time inventory models

(Gupta & Kayande, 2023).

Inflexible Regulatory Approvals

During the crisis, the FDA and other global regulators enacted some emergency flexibilities, such
as permitting extended expiration dates and authorizing emergency compounding. However, these
actions were limited in scope and duration. Approvals for alternate suppliers or raw materials often
took months or longer due to regulatory complexity and fragmented international standards

(NASEM, 2022; Beck et al., 2019).

Trade and Policy Disruptions

Government-imposed lockdowns, trade restrictions, and reduced freight capacity further strained
supply chains. Cross-border movement of goods, including critical inputs, was often delayed or
blocked entirely, leading to stockouts in importing countries and exposing the geopolitical

vulnerability of globally interdependent pharmaceutical systems (Soni & Patel, 2024).

e Natural Disasters

PSCs are also vulnerable to acute, localized disruptions beyond pandemics or financial crises.
While hurricanes are the most familiar type of natural disaster affecting pharmaceutical
manufacturing, other events—such as biological epidemics and environmentally driven regulatory
shutdowns—can have similarly severe impacts. This subsection examines how natural disasters,
animal disease outbreaks, and environmental enforcement actions have disrupted production and
intensified supply vulnerabilities. Localized disasters have also significantly disrupted

pharmaceutical production and exposed the dangers of geographic concentration.

Manufacturing Disruptions: Hurricane Maria and Others

Hurricane Maria in 2017 caused catastrophic damage to pharmaceutical manufacturing in Puerto

Rico, which was a major production hub for U.S. hospitals. The destruction of facilities producing
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IV saline and amino acids resulted in months-long shortages in U.S. hospitals (Davis, 2025).
Similarly, Hurricane Helene in 2024 damaged a critical Baxter plant in North Carolina,

exacerbating shortages of intravenous fluids (Davis, 2025).

Supply-Side Fragility and Single-Site Risk

Disease outbreaks have also disrupted upstream supply. The African swine fever epidemic in 2018,
for instance, significantly reduced the availability of heparin, a drug derived from pig intestines,
due to supply losses in China (NASEM, 2022). Many essential medications continue to be
manufactured at single sites without backup capacity, compounding the risk of localized

disruptions leading to global shortages (Doyle & Streur, 2025).

Regulatory and Policy Delays

Environmental concerns and safety violations have also led to facility shutdowns, reducing supply
without rapid replacement options. For example, the closure of a U.S. sterilization plant in 2019
over emissions concerns created widespread shortages of sterilized medical devices (NASEM,
2022). Regulatory systems often lack the agility to respond to these sudden losses, especially when

re-approval processes are lengthy and fragmented across jurisdictions.

Table 4- 3 Disruptions and Vulnerabilities of Pharmaceutical Supply Chains (PSCs)

Disruption Trigger Vulnerabilities Revealed Regulatory
Type Challenge
COVID-19 Pandemic + global | API shortages, limited Slow approvals,
Pandemic lockdowns redundancy, PPE/testing fragmented standards
scarcity
Natural Hurricanes, disease, | Single-site risk, regional Delays in re-
Disasters plant closures bottlenecks approval, no fast-
track

Source: Author’s elaboration based on DPW (2025); Piatek et al. (2020); NASEM (2022); Doyle & Streur
(2025); Davis (2025); Gupta & Kayande (2023); Beck et al. (2019), and Soni & Patel (2024).

These cases highlight that vulnerabilities are often systemic and foreseeable, underscoring the

importance of proactive, sector-wide resilience planning, as discussed in the following section.

¢ Vulnerabilities of the Pharmaceutical Supply Chains (PSCs) Across SCOR model
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While Table 4-3 highlights the types of disruptions and vulnerabilities observed in PSCs, these
weaknesses are not isolated incidents. To capture the described above can be better understood

when mapped onto the SCOR model:

Plan — Batch-based planning and long regulatory approval cycles made it hard to quickly adjust
production when demand surged (NASEM, 2022).

Source — Heavy dependence on India and China for APIs created bottlenecks when exports were
restricted, with little transparency beyond Tier 1 suppliers (DWP, 2025; Piatek et al., 2020).
Make — Manufacturing was constrained by rigid compliance requirements and specialized
equipment, limiting surge capacity during crisis (Gupta & Kayande, 2023).

Deliver — Vaccine and drug distribution highlighted the fragility of the cold chain and gaps in
traceability, particularly in LMCIs (Fahrni et al., 2022; Doyle & Streur, 2025).

Return — Reverse logistics and emergency recall mechanisms were weak, leaving few options to

redistribute scarce products once disruptions occurred (NASEM, 2022).

Taken together, the SCOR mapping shows that vulnerabilities in PSCs are spread across every
stage of the chain rather than concentrated in one point. This interconnected fragility explains why
local shocks like export bans or natural disasters so easily cascade into global shortages, and it
highlights the need for resilience strategies that cut across planning, sourcing, production,

distribution, and returns.

4.2.4. Resilience Strategies of Pharmaceutical Supply Chains (PSCs)

The COVID-19 pandemic and similar demand shocks have exposed critical vulnerabilities across
pharmaceutical value chains, particularly in the areas of geographic concentration, regulatory

rigidity, cold chain fragility, and limited transparency.

One of the less visible but most critical issues is cold chain fragility. Many medicines, especially
biologics and vaccines, require continuous refrigeration from production to administration. Any
disruption, such as temperature excursions in transport, inadequate storage facilities, or
breakdowns in last-mile delivery, can compromise product quality and lead to shortages. The
COVID-19 vaccine rollout made this problem visible on a global scale, with even advanced health

systems struggling to maintain reliable refrigeration capacity (Fahrni et al., 2022).
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This section evaluates resilience measures, focusing on four key dimensions: policy-driven
initiatives, technological enablers, collaborative frameworks, and firm-level risk management
practices that have been implemented or proposed to address the structural vulnerabilities

identified in Section 4.2.3.

e Policy-Based Resilience Measures

National Stockpiles and Strategic Inventories

National stockpiles are a cornerstone of PSC resilience. In the United States, the Strategic National
Stockpile (SNS) was designed to act as a buffer against pandemics and bioterrorism by storing
critical medical supplies, including antibiotics, vaccines, and ventilators (Elbe, 2014; Prior, 2004).
However, the COVID-19 crisis revealed systemic weaknesses, such as expired stock, uneven

distribution capacity, and coordination failures (Davis, 2025; NASEM, 2022).

To enhance resilience, post-pandemic reviews have advocated for rotational inventory systems,
where stock is cycled through regular usage to avoid expiry while maintaining strategic reserves
(Davis, 2025). Cold-chain products, such as biologics and vaccines, particularly benefit from such
systems when paired with predictive analytics and continuous environmental monitoring (Jarrett

et al., 2021).

API Onshoring, Sanctions, and Strategic Autonomy

The global pharmaceutical industry relies heavily on a few countries—particularly China and
India—for the production of APIs. As discussed previously, the pharmaceutical sector's reliance
on geographically concentrated API sources significantly constrained supply continuity during
recent crises. Addressing this structural weakness has become a central objective of resilience
strategies, including reshoring initiatives and diversification efforts. (Francas, 2021). The resulting
concentration risk became evident during COVID-19 when export bans disrupted supply chains

for essential drugs.

Executive Order 13944 in the U.S. and similar initiatives in the EU aim to onshore API
manufacturing through financial incentives and regulatory support (FDA, 2022). Evidence from

Iran under sanctions demonstrates that local API production, supported by academic-industry
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partnerships and domestic policy reform, can increase resilience (Bastani et al., 2021). However,
long-term success requires significant investment in infrastructure, compliance systems, and talent

development.

e Technology-Enabled Transparency and Monitoring

Blockchain and Digital Traceability

Blockchain technology has emerged as a critical enabler of traceability in the pharmaceutical
sector. By creating tamper-proof, decentralized records, blockchain enhances the security and
transparency of drug provenance, a vital defense against counterfeit medications (Botta, 2023). It
also supports compliance with regulations such as the U.S. Drug Supply Chain Security Act
(DSCSA), which mandates serialization and verification of pharmaceutical products (FDA, 2023).

Platforms like eZTracker allow real-time scanning of serialized products via mobile apps, giving
pharmacists and patients direct access to product authenticity verification (Sim et al., 2022). These
systems also generate valuable data for manufacturers, allowing them to detect and respond to

anomalies in distribution patterns.

To build on earlier approaches, electronic pedigree (ePedigree) systems have also been used to
document the chain of custody for medicines, creating digital records that track each handover
from manufacturer to pharmacy. While ePedigree provided a foundation for securing supply chains
against diversion and counterfeits, blockchain solutions extended this by adding immutability,
decentralization, and integration with IoT devices for real-time monitoring (Choi et al., 2015;

Trautmann et al., 2022; Fallah et al., 2024).

Real-Time Monitoring and Predictive Analytics

Advanced technologies such as IoT, Global Positioning Systems (GPS), and Al-powered
forecasting tools have improved the monitoring of temperature-sensitive pharmaceuticals. For
instance, Azure Al simulations and predictive dashboards have enabled real-time detection of cold

chain risks, facilitating proactive intervention (Khan, 2025).
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Operational resilience in PSCs is strengthened by systems capable of identifying weak points in
transport, storage, and handling. The effectiveness of these systems depends heavily on the
reliability of underlying data—particularly its accuracy, completeness, and traceability—as

emphasized in digital health system frameworks (Riskin et al., 2025).

e Collaborative and Strategic Program Management

Operation Warp Speed as a Resilience Blueprint

Operation Warp Speed (OWS) serves as a benchmark for accelerated pharmaceutical innovation
through public-private collaboration. The initiative supported six vaccine candidates with over $10
billion in government investment and enabled large-scale manufacturing even before clinical
approval was granted (Ho, 2021). This bold funding model significantly compressed the traditional
development timeline from nearly a decade to under one year, facilitating an unprecedented

response to a global health emergency.

Crucially, the success of OWS was built upon decades of foundational research in gene-based
technologies. Mature platforms such as mRNA and viral vectors—originally developed for cancer
and HIV—were rapidly adapted for SARS-CoV-2 vaccine development once the viral genome
became available (Ho, 2021). This illustrates the strategic value of sustained investment in

biopharmaceutical R&D as a form of systemic resilience.

Moreover, OWS adopted heterologous prime-boost immunization strategies, combining genetic
and protein-based vaccines. This approach not only enhanced immune durability but also offered
logistical advantages during the rollout, allowing flexibility in procurement and administration

across diverse populations (Ho, 2021).

Strategic Coordination and Military Logistics Integration

The role of the U.S. Department of Defense (DOD) in OWS and other emergency operations
highlighted the strategic advantage of military logistics expertise. From supply chain mapping to
distribution planning and cold chain security, DOD personnel brought robust capabilities that

supported a rapid and controlled rollout (Hall et al., 2022).
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Military logistics emphasizes redundancy, predictive modeling, and layered infrastructure
principles that align well with supply chain resilience frameworks. The use of Al tools, such as
Azure Al for disruption forecasting, further enhanced readiness and minimized bottlenecks (Khan,

2025).

Despite its domestic success, OWS also raised concerns about global equity. While it secured early
vaccine access for the U.S., it inadvertently deepened supply disparities in LMICs. Kim et al.
(2021) recommend that future initiatives should incorporate international production licensing and

technology transfer into their design, ensuring wider benefits and mitigating vaccine nationalism.

e Corporate Risk Management and Disclosure Practices

The ability of pharmaceutical firms to withstand and adapt to demand shocks is strongly influenced
by their transparency, geographic flexibility, and formalized risk governance (Gupta & Kayande,
2023). A comparative review of recent sustainability and annual reports reveals key differences in

how leading companies approach resilience:

Table 4- 4 Comparative review across Pharmaceuticals

Company | API Source Geographic Cold Chain Resilience Policies
Transparency Diversification Risk Disclosure

Pfizer High-Discloses Strong- Detailed- Comprehensive-
sourcing risks, Manufacturing Thermal Dual sourcing,
supplier oversight, | sites across EU packaging, GPS | digital monitoring,
and serialization and US with tracking, and and ERM-integrated
compliance. redundancy. logistics continuity KPIs.

transparency.

Roche Moderate-Supplier = Improving- Basic-Highlights = Emerging-
code covers ESG | Reports steps to thermal blankets | Incorporates climate
compliance; diversify sourcing | and data loggers, | and supplier risks
sourcing locations | and secure but no resilience | but lacks supply
not disclosed. materials. KPIs. continuity metrics.

Source: Author’s elaboration based on Pfizer Sustainability report (2023) and Roche annual report (2024).

This variation in disclosure practices aligns with observations by Gupta and Kayande (2023), who
found that firms with structured resilience strategies—such as scenario-based planning, dual

sourcing, and diversified production—were more effective in maintaining supply continuity
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during the COVID-19 crisis. Pfizer exemplifies this approach with its enterprise risk management

integration, whereas Roche lacks resilience-specific metrics.

e Summary of Key Challenges in Pharmaceutical Resilience

The pharmaceutical sector’s exposure to demand shocks is magnified by several recurring risk
patterns that span global operations and supply networks. These risks, though longstanding,
became particularly acute during the COVID-19 crisis and highlight persistent structural fragilities
(Francas, 2021; Gupta & Kayande, 2023; NASEM, 2022). Understanding these challenges is
critical for designing strategies that can withstand future surges in demand and minimize supply

discontinuities.

API concentration risk arises from the heavy reliance on a few countries, particularly India and
China, for the production of APIs. This dependence exposes firms to geopolitical instability, export

bans, and localized production shocks that can cascade globally (Francas, 2021).

Cold chain sensitivity reflects the vulnerability of temperature-dependent medicines, such as
vaccines and biologics, to even minor logistical failures. The COVID-19 vaccine rollout
underscored how limited ultra-cold storage, refrigerated transport, and last-mile delivery
infrastructure can become bottlenecks that delay or compromise supply (Gupta & Kayande, 2023;

WHO, 2021).

Traceability gaps persist in many regions, especially in lower- and middle-income countries,
where digital infrastructure for end-to-end product monitoring remains weak. These gaps hinder
the detection of counterfeits, diversion, or real-time bottlenecks, amplifying risks during sudden

demand surges (NASEM, 2022).

Overcentralized production has resulted from decades of cost-driven consolidation and
offshoring, which concentrated manufacturing capacity in a small number of global hubs. Natural
disasters such as Hurricane Maria in Puerto Rico and pandemic-related shutdowns in Asia revealed

how regional disruptions can quickly escalate into worldwide shortages (Francas, 2021).

Lack of standardized KPIs limits the ability of firms and regulators to consistently assess and

compare resilience across the industry. While some companies disclose inventory levels, supplier
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diversification, or continuity measures, there is no universal framework for benchmarking
resilience performance. This inconsistency hampers transparency and reduces the sector’s ability

to coordinate responses to demand shocks (Gupta & Kayande, 2023).

Together, these challenges illustrate that pharmaceutical supply chains remain highly fragile under
demand shocks. Addressing them requires not only operational improvements but also stronger

governance and global coordination to ensure continuity of supply in future crises.

e Practical Tools for Enhancing Resilience

While strategic frameworks for supply chain resilience are well-documented in academic and
industry literature, their practical application in pharmaceutical settings remains uneven. Structural
strategies such as geographic diversification, dual or multi-sourcing, and stockpiling have been
widely proposed as means of reducing systemic vulnerability (Francas, 2021). Policy-driven
frameworks emphasize transparency, redundancy, and collaborative governance as core enablers
of resilience in medical product supply chains (NASEM, 2022). Adaptive models, such as those
developed by Gupta and Kayande (2023), highlight the importance of supplier diversification,
buffer inventory, and standardized metrics for maintaining continuity under shocks. In parallel,
technology-enabled frameworks—most notably blockchain for drug traceability—demonstrate
how digital transparency and immutability can strengthen trust and reduce counterfeit or diversion

risks (Panda & Satapathy, 2021).

Despite this extensive body of work, many firms still face challenges in translating these
frameworks into operational practice, particularly when responding to sudden demand shocks. To
bridge this gap, this section proposes two practical tools: (1) key performance indicators (KPIs)
for assessing dual sourcing strategies, and (2) a risk-based supplier assessment checklist. These
instruments convert abstract resilience principles into measurable elements that can directly

support procurement, compliance, and continuity planning.

As highlighted in Corporate Risk Management and Disclosure Practices, disclosure practices
vary significantly between firms. Pfizer, for example, integrates dual sourcing metrics, enterprise
risk management, and transparent reporting, while Roche provides only limited visibility on

continuity planning. This observation is consistent with Gupta and Kayande (2023), who found
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that companies embedding structured resilience practices—scenario planning, diversification, and
standardized KPIs—were more effective in sustaining supply continuity during the COVID-19

crisis.

By formalizing KPIs and supplier risk checklists, pharmaceutical companies can establish a
scalable and cross-functional basis for resilience. Such tools also provide a structured approach for
closing the transparency and performance gaps identified in corporate risk management and

disclosure practices, thereby strengthening the sector’s ability to withstand future disruptions.

o Resilience Pharmaceutical Supply Chains (PSCs) Across SCOR model

To better connect these resilience practices with operational realities, they can be mapped onto the
SCOR model. This allows us to see not just isolated initiatives, but how strategies align across the

full supply chain cycle.

Plan — Use of scenario planning, digital twins, and postponement strategies to simulate shocks and
prepare alternatives. These tools improve foresight but are unevenly adopted.

Source — Dual sourcing, reshoring, or nearshoring of APIs, and stricter supplier audits have been
pushed forward after COVID-19. Still, dependence on India and China remains a structural risk.
Make — Greater use of flexible manufacturing setups, like single-use production lines or modular,
and capacity sharing agreements between firms.

Deliver — Cold chain fragility is being addressed through IoT sensors, blockchain traceability, and
partnerships in global disruption. However, reliability is still weaker in LMICs.

Return — Recall systems and reverse logistics remain the least developed area.

Overall, the SCOR perspective shows that while real progress has been made in plan and source,

the pharmaceutical supply chain is still fragile in the delivery, recovery and return stages.

4.2.5. Sector-Specific Constraints and Enablers of Pharmaceutical Supply Chains (PSCs)

PSCs are governed by unique structural and regulatory characteristics that both constrain and

enable resilience. These sector-specific features—such as the irreplaceability of essential drugs,
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cold chain requirements, and heavy public-sector involvement—require tailored strategies distinct
from those in other industries. This section examines how these elements influence the sector’s

vulnerability and adaptive capacity during demand shocks.

Critical Product Status and Non-Substitutability

Pharmaceutical products used for acute or chronic conditions—such as vaccines, antiretrovirals,
and insulin—often have no clinically equivalent substitutes, making their uninterrupted
availability vital to public health. In particular, shortages of temperature-sensitive medicines
directly impair treatment continuity and health service delivery. A study in Southwest Ethiopia
found that key cold chain pharmaceuticals like insulin, oxytocin, and ergometrine were among the
least available, and frequent stock-outs disrupted critical care services, including maternal and

diabetic care (Feyisa et al., 2021).

Moreover, failures in cold chain logistics not only lead to wastage but render non-substitutable
therapies unusable. For instance, temperature deviations during storage or transport can
compromise the safety and efficacy of insulin or reconstituted vaccines, requiring discarding and
emergency resupply (Feyisa et al., 2021). These disruptions are especially dangerous in contexts

with limited buffer stocks and fragile health infrastructure.

Thus, the non-substitutability of many essential pharmaceuticals amplifies the risks posed by even
short-term supply interruptions, underscoring the need for upstream redundancy, robust cold chain

management, and strategic stockpiling practices.

Perishability and Cold Chain Vulnerabilities

PSCs face distinct challenges due to the perishability of temperature-sensitive products such as
vaccines, biologics, and specific antibiotics. These products must be stored and transported within
a tightly controlled temperature range—typically between 2°C and 8°C—to maintain efficacy
(Feyisa, 2021). Any deviation can result in irreversible degradation, rendering products unsafe or

ineffective for use.

In Ethiopia, for example, poor cold chain conditions—including power interruptions, inadequate

equipment, and lack of trained personnel—have contributed to high wastage of essential
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medicines, including vaccines like BCG, OPV, and insulin (Feyisa, 2021). Public health facilities
surveyed exhibited significant gaps in refrigeration quality, with domestic fridges sometimes used
to store sensitive pharmaceuticals, and items like food and water stored alongside medicines,

practices contrary to recommended guidelines (Feyisa, 2021).

Despite the increasing use of digital tools such as GPS tracking and data loggers in vaccine
distribution, significant operational gaps persist. Fahrni et al. (2022) observed that in many
regions—particularly those lacking solar-powered cold storage or trained personnel—vaccine
spoilage rates were elevated during the COVID-19 pandemic. While IoT technologies offer real-
time visibility, the authors noted that the actual processing and utilization of these data remain

limited, undermining the intended benefits of digital cold chain monitoring.

These findings reinforce the urgent need for comprehensive cold chain management strategies.
This includes the adoption of purpose-built storage units, consistent power supply or backup
generators, staff training, and the integration of digital temperature monitoring systems with

automated alerts and contingency plans.

Public Sector Leadership and Institutional Strategy

Governments play a crucial role in PSC resilience, functioning not only as regulators and funders
but also as key orchestrators of procurement, emergency logistics, and innovation initiatives. In
LMIC:s, this role is particularly pronounced due to the centralization of procurement in national

medical stores and the reliance on public distribution networks.

However, these same systems often face critical structural and governance challenges. In Malawi,
for instance, the Central Medical Stores Trust (CMST) is constrained by political interference,
limited financial autonomy, and donor-driven procurement mandates. Government stakeholders
have been reported to override technical procurement processes, delay payments, and introduce
non-essential medicines into procurement pipelines for political reasons (Kaupa & Naude, 2021).
Similarly, weak inter-agency coordination and inadequate data systems disrupt timely forecasting

and restocking.
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Comparable issues emerge in other LMIC contexts. In Nigeria, the public sector's limited
coordination with regulatory bodies and donors hinders responsiveness and undermines quality
assurance processes across supply chains (Amadi & Tsui, 2019). In both cases, governance gaps—
ranging from underfunding to ambiguous accountability structures—impair system-wide agility

during health crises.

Despite these constraints, public—private partnerships (PPPs) offer a promising pathway to
enhance both resilience and innovation. The Innovative Medicines Initiative (IMI), for example,
has successfully fostered collaboration between the European Commission and the pharmaceutical
industry to improve R&D efficiency and develop non-competitive scientific tools (Laverty et al.,
2012). Such models illustrate how pooling risk, knowledge, and funding can overcome

institutional fragmentation.

Further, globally structured PPPs such as GAVI, the Drugs for Neglected Diseases Initiative
(DNDI), and the Global Fund enable cost-sharing, accelerate product development, and support
supply chain investments in underserved markets. These collaborations are often reinforced
through incentive mechanisms like Advance Market Commitments (AMCs) and Priority Review
Vouchers (PRVs), which encourage pharmaceutical innovation for neglected diseases

(Oguamanam, 2010).

However, scholars have argued that to avoid fragmented implementation and power imbalances,
PPPs should be institutionalized within multilateral governance structures. This includes
developing transparent IP-sharing agreements, ensuring public health objectives are integrated
with private R&D priorities, and enhancing accountability in funding allocation (Oguamanam,

2010).

In summary, the public sector is both a critical constraint and enabler of pharmaceutical resilience.
On the one hand, heavy regulatory compliance, long clinical and validation cycles, dependency on
specialized production sites, and fragmented oversight of sub-tiers limit adaptive capacity. On the
other hand, enablers such as PPPs, advances in digital traceability technologies like blockchain
and serialization, and international policy initiatives toward supply chain diversification creates

pathways to grater resilience. The balance between these opposing forces depends on the
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alignment of the institutional authority, financial autonomy, and collaborative frameworks that

leverage private sector capacity while safeguarding public health equity.

4.2.6 Synthesis of Pharmaceutical Supply Chains (PSCs)

PSCs concentrate vulnerabilities in Source and Deliver: heavy API concentration with opaque
sub-tiers, and persistent cold-chain fragility. Cross-cutting constraints, particularly regulatory
rigidity, long validation cycles, and single-site/specialized capacity, limit rapid reconfiguration

when shocks occur.

Resilience responses have primarily strengthened Plan (scenario planning, postponement/delayed
differentiation) and Source (dual/multi-sourcing, near/reshoring, strategic inventories). Make
shows incremental progress via modular/single-use capacity, while Deliver and Return remain
weakest, especially for temperature-controlled products and recall/reverse-logistics. Compared
with automotive (greater digital visibility across tiers), pharmaceuticals lean more on stockpiles,
regulatory flexibilities, and PPPs, underscoring the sector’s dependence on external governance

and policy measures to achieve resilience.

Table 4- 5 Structural Features and Vulnerabilities of Pharmaceutical Supply Chains

Feature Why it matters Ilustrative points / Key sources
examples
API concentration Dependency on India and | Export bans in 2020 Francas
in limited China for >70% of APIs | triggered shortages in (2021); Gupta
geographies creates systemic essential medicines. & Kayande
exposure. (2023)
Regulatory rigidity | Long lead times for Batch release protocols NASEM
approval and revalidation = and QA hold times (2022); Eberle
reduce flexibility. delayed COVID-19 et al. (2014)
vaccine supply.
Cold chain Biologics and vaccines Pfizer-BioNTech vaccine | WHO (2021);
dependency require uninterrupted rollout constrained by Gupta &
temperature control. ultra-cold storage gaps. Kayande
(2023)
Limited visibility Sub-tier suppliers (APIs, | Firms oversee contract Ellis (2020);
beyond Tier-1 excipients, raw materials) | manufacturers but not NASEM
often opaque. upstream API plants. (2022)
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Overcentralized Geographic Hurricane Maria (2017) NASEM

production clusters | concentration heightens | disrupted Puerto Rican (2022)
risk from localized sterile injectables.
disruptions.
Lack of No uniform resilience Inconsistent disclosure of | Gupta &
standardized KPIs metrics across firms. dual sourcing, stockpiles, | Kayande
or continuity KPIs. (2023);
Francas (2021)

Source: Author’s elaboration based on key sources mentioned above.

4.3 Grocery Retail Supply Chains

4.3.1 Sector Overview

Grocery retail forms the backbone of national food systems, ensuring daily access to essential
goods for households. Unlike the capital-intensive, production-focused automotive sector or the
heavily regulated pharmaceutical industry, grocery supply chains are characterized by high
product turnover, tight margins, and a significant dependence on cold chain logistics. These

structural traits make them highly responsive to demand but also acutely vulnerable to disruption.

The sector has evolved from fragmented, intermediary-heavy networks to vertically integrated,
retailer-led systems, in which supermarkets, discounters, and e-commerce platforms control
procurement, distribution, and consumer access. This transformation has increased efficiency and
responsiveness but has also concentrated market power and heightened reliance on digital

infrastructure and temperature-controlled storage.

Perishability, the essential nature of food products, and stringent safety and traceability regulations
together define the operational realities of grocery supply chains. While digitalization, just-in-time
replenishment, and online fulfilment models have enhanced efficiency, events such as the COVID-
19 pandemic, financial crises, and natural disasters have revealed fragilities ranging from supply
concentration and cold chain bottlenecks to last-mile delivery constraints and equity gaps in

consumer acCess.

This section examines grocery retail’s sector-specific vulnerabilities, resilience levers, and

transferable best practices from other industries, positioning the sector as both a critical public
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service and a complex logistical ecosystem whose stability depends on balancing efficiency with

adaptability.

4.3.2 Structural Characteristics of Grocery Retail Supply Chains

The grocery retail sector represents a critical component of national food systems, responsible for
the daily provision of essential goods to the public. In contrast to the capital-intensive and
production-focused nature of the automotive sector or the highly regulated structure of
pharmaceuticals, grocery supply chains are marked by high turnover, product perishability, and
tight margins. The adoption of Efficient Consumer Response (ECR) across European grocery
retailing has significantly influenced supply chain efficiency, reduced throughput times and

promoted logistical coordination among suppliers and retailers (Fernie & Staines, 2001).

Figure 4-5 below illustrates the structural transition from traditional supply chains, channeling
goods through wholesalers and food service intermediaries, to modern retail-driven systems that

consolidate flows and prioritize direct-to-consumer access.

Traditional and modern integrated food supply chains

Wholesale /
Food Service

Agricultural
inputs

Traditional .
Processing

Retail
Distribution

Figure 4- 5Traditional and modern integrated food supply chains.

Source: Adapted from Reardon & Vos (2021).

This diagram underscores the increasing role of supermarkets, discounters, and e-commerce
platforms as central nodes in the grocery supply chain. These entities consolidate procurement and
distribution activities, bypassing many traditional intermediaries. The centralization of power

enables greater supply chain control and responsiveness but also increases dependence on
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dominant retail actors and cold chain infrastructure. The dual pressure of maintaining product
integrity and meeting diverse access channels (e.g., physical stores, home delivery) is a defining

feature of the modern grocery logistics model.

Cold Chain Infrastructure and Environmental Burden

A distinguishing feature of grocery supply chains is the significant proportion of perishable
goods—such as fresh produce, dairy, meat, and seafood—that require strict temperature control.
Maintaining cold chain integrity throughout the value chain is vital for ensuring food safety,
reducing waste, and maintaining shelf life. However, cold chain logistics is both energy-intensive
and carbon-intensive. Wang et al. (2022) estimate that refrigerated food transport in the United
States contributes substantially to greenhouse gas emissions, particularly due to diesel-based
refrigeration systems. Moreover, James and James (2010) argue that climate change is likely to
increase energy demands for cold storage and transport, placing additional strain on already

vulnerable infrastructure.

In response to these challenges, grocery retailers have invested in advanced cold chain monitoring
technologies, including real-time temperature sensors, Radio Frequency Identification (RFID)
systems for product tracking, and shelf-life prediction systems (Aung & Chang, 2014). These
technologies help improve visibility and reduce product spoilage, but they also increase reliance
on digital infrastructure and raise capital investment requirements. This digital dependency is less

prominent in other sectors, such as the automotive sector, where perishability is not a core concern.

Technological and Strategic Developments

Over the past two decades, the grocery sector has pursued digitalization to enhance forecasting,
inventory management, and logistics coordination. Tools such as ECR and JIT systems are
commonly used to reduce inventory holding costs and streamline replenishment (Fernie & Staines,
2001). However, these systems can amplify vulnerability during demand shocks, as seen during
the COVID-19 pandemic. Ge et al. (2004) demonstrated how minor fluctuations in consumer
behavior can result in amplified demand variability upstream, a phenomenon known as the

bullwhip effect.
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The rapid growth of online grocery retail has further reshaped logistics strategies, particularly in
dense urban centers. Retailers are increasingly relying on diversified fulfillment models, such as
micro-fulfillment centers, dark stores, outsourced logistics, and last-mile home delivery systems.
While these developments offer consumer convenience, they also introduce logistical complexity

and exposure to labor, energy, and digital disruptions (Beckmann et al., 2020).

Supermarket Power and Supply Chain Governance

A defining feature of modern grocery supply chains is the consolidation of market power among
a small number of global supermarket chains. These retailers increasingly act as “governors” of
the food system, shaping not only logistics flows but also sourcing practices, quality standards,
and sustainability expectations (Burch et al., 2013). While this model enhances efficiency and
responsiveness, it also introduces risks. Smaller producers often face structural barriers to entry,
including compliance with traceability, packaging, food safety, and environmental standards.
These requirements are frequently enforced through private retailer codes and third-party audits,
which tend to favor capital-intensive, large-scale suppliers (Burch et al., 2013). In this context,
supermarkets exert considerable influence over pricing structures, product assortment, and

supplier relationships—particularly in highly concentrated national markets.

Regional Variation and Format Diversity

The structure of grocery supply chains varies significantly across regions due to differences in
retail formats, infrastructure quality, and regulatory environments. In the United States,
supercenters like Walmart dominate with centralized logistics systems and long-distance bulk
deliveries. In contrast, Europe has seen the rise of discount chains such as Lidl and Aldi, which
emphasize private label products and lean, standardized supply chains (McKinsey & Company,

2025).

These regional differences also affect energy consumption and resilience. Warmer climates, for
instance, face higher energy demands in the cold chain due to elevated ambient temperatures, while
urban areas face greater logistical strain from last-mile delivery requirements (Wang et al., 2022).
As such, context-specific adaptation strategies are crucial when evaluating supply chain robustness

in grocery retail.
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4.3.3 Vulnerabilities of Grocery Retail Supply Chains

Grocery retail supply chains, while highly responsive and customer-facing, exhibited several
vulnerabilities during major demand shocks. This section examines the structural weaknesses and
operational gaps exposed during the COVID-19 pandemic, the 2008 financial crisis, and selected

natural disasters.

e COVID-19

e Structural Weaknesses and Bottlenecks

Just-in-Time Inventory Systems

The widespread adoption of JIT inventory practices left grocery retailers with minimal buffer stock
to absorb demand surges. During the early stages of the COVID-19 pandemic, essential goods
such as food, toiletries, and household staples experienced significant and prolonged stockouts,
driven by panic buying behavior (Taylor, 2021). Supply chain managers were unable to quickly

restock due to limited safety stock and delays in supplier replenishment.

Supplier and Sourcing Concentration

Grocery categories such as meat, dairy, and fruits_depend on a limited set of domestic or
international suppliers. When processing plants closed or global trade routes slowed, these
dependencies became acute risks. In the U.S., slaughterhouse closures due to outbreaks among
workers led to livestock backlogs and meat shortages (Luckstead et al., 2020). Market structure
data indicate that in many metropolitan regions, the top four grocery retailers account for more
than 80% of the local market share, thereby concentrating procurement power and limiting

redundancy (Kinsey, 1998).

Limited Upstream Visibility

The COVID-19 pandemic exposed the fragmented and labor-intensive nature of food supply

chains, particularly in Asian countries, where restricted movement, poor data integration, and weak
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logistics infrastructure disrupted operations and delayed responses across upstream agricultural
states (Khan et al., 2022). For retailers, these conditions created major forecasting challenges: with
little transparency into farm-level inventories and processing capacity, it was difficult to anticipate
shortages or bottlenecks. The lack of consistent data-sharing across producers further constrained

proactive decision-making (Khan et al., 2022).

These visibility gaps underscore the importance of digital tools that improve real-time tracking.
Technologies such as RFID and sensor-based monitoring can enhance information flow, reduce

pipeline inventories, and support quicker interventions when disruptions occur (Delen et al., 2007).

Cold Chain Fragility and Perishables Management

The pandemic placed significant pressure on cold chain infrastructure, particularly for perishables
like meat, dairy, and fresh produce. Disruptions in air freight and refrigerated transport created
bottlenecks and increased spoilage risks. As James and James (2010) and Wang et al. (2022)
highlight, energy-intensive refrigeration systems are already contributors to emissions struggling
under rising ambient temperatures and increased throughput requirements. Logistics failures were

observed in both air-cooled bulk transport and last-mile cold chain deliveries.

Perishable categories, specially produce, bakery, and meat, are inherently vulnerable due to short
shelf lives and shrinkage. During demand shocks, managing these categories becomes more
difficult due to unpredictable turnover and limited scope for dynamic discounting. Ketzenberg and
Ferguson (2008) further argue that slow-moving perishables pose risks to profitability and
inventory accuracy when demand is volatile. In e-commerce contexts, Cattani et al. (2007)
emphasize the heightened logistical complexity of maintaining freshness during last-mile delivery,

which became a critical pain point during COVID-19.

e Over-Dependencies and Operational Gaps

Labor Intensity and Workforce Disruptions

From harvesting to stocking shelves, grocery supply chains rely heavily on human labor. During
the COVID-19 pandemic, workers in processing plants, warehouses, and stores fell ill or were

quarantined, resulting in significant slowdowns. In the U.S., numerous meat processing facilities
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were forced to shut down due to widespread exposure of vulnerabilities linked to close-quarter
labor conditions, and limited contingency capacity in the food supply chain (Luckstead et al.,

2020).

E-commerce Infrastructure Constraints

The unprecedented surge in online grocery demand during COVID-19 exposed fundamental
structural and geographical constraints in retailers’ e-commerce operations. In the United
Kingdom, the online share of grocery sales increased from 6.2% in 2019 to 8.9% in 2021, with a
projected growth rate of 21.4% over the following five years (Urquhart et al., 2022). However,
most retailers relied on store-based fulfilment models that lacked the chilled and ambient storage
capacity, fleet size, and routing efficiency needed to accommodate such rapid growth. Delivery
was identified as the main bottleneck for 74% of fulfilment stores, reflecting finite vehicle
availability, time-sensitive delivery windows, and suboptimal delivery area design (Urquhart et

al., 2022).

The rapid shift to online ordering also intensified existing spatial inequalities in service provision.
Urban consumers—particularly in high-density areas—benefited from more extensive delivery
coverage, while rural households faced limited access and higher per-delivery costs (Urquhart et
al., 2022). Short-term measures, such as hiring additional drivers, reconfiguring store layouts, and
extending delivery hours, temporarily increased weekly fulfilment capacity from approximately
350,000 orders in 2019 to 850,000 in 2021. Nonetheless, these “quick win” solutions did not
address the underlying capacity and network design limitations, leaving the sector vulnerable to
future demand spikes without sustained investment in dedicated fulfilment infrastructure and last-

mile logistics innovation (Urquhart et al., 2022).

Panic Buying and Demand Distortion

Panic buying during the early stages of the COVID-19 pandemic led to temporary shortages and
amplified the bullwhip effect across grocery supply chains. Research indicates that such behavior
was driven by perceived scarcity, social contagion, and reduced trust in institutional assurances,
prompting consumers to purchase and stockpile far beyond their immediate needs (Naeem, 2021;

Phillips et al., 2023). News coverage that emphasized existential risk, combined with viral content
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on social media platforms, accelerated the spread of panic and intensified purchasing surges

(Phillips et al., 2023).

Logistics Breakdown at the Last Mile

During COVID-19 lockdowns, last-mile delivery systems and urban fulfilment networks
experienced severe capacity strain as e-commerce demand surged. Traditional home-delivery
operations faced delays and high costs, prompting exploration of alternative models such as
“mobile warehouses”—trucks stocked with diverse products positioned near demand hotspots to
enable rapid fulfilment. While these solutions offered potential to reduce delivery times and
mitigate upper-supply-chain disruptions, their scalability and coverage remained limited, and
digital or logistical exclusion persisted for less connected, lower-income consumers (Srinivas &

Marathe, 2021).

e 2008 Financial Crisis

According to Ahtokari (2011) and Hruzova (2009), the 2008 global financial crisis, triggered by
the collapse of the U.S. housing market and the ensuing banking sector turmoil, did not cause
immediate physical disruptions to grocery supply chains. Instead, it revealed underlying
vulnerabilities in demand forecasting, liquidity management, and investment capacity within the

sector.

In many European markets, consumers shifted purchasing patterns toward discount formats,
private-label goods, and bulk-pack essentials, reflecting heightened price sensitivity and a
prioritization of value over premium attributes (Hruzova, 2009). Finnish retail data indicate that
while total grocery sales value still grew during the recession, the growth rate slowed sharply—
from 8.1% in 2008 to 3.1% in 2009—accompanied by a 0.5% decline in sales volumes (Ahtokari,
2011).

The crisis also constrained capital expenditure across supermarket chains. As noted by Ahtokari
(2011), planned investments in store refurbishments, I'T upgrades, and logistics infrastructure were
frequently postponed or cancelled, limiting opportunities to modernize operations and enhance

supply chain resilience. Retailers with established discount banners and extensive private-label
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portfolios were comparatively better positioned to protect market share, as these offerings allowed

consumers to maintain similar consumption patterns at a lower cost.

e Natural Disasters

Disruption of Access and Distribution

Natural disasters such as hurricanes, floods, and earthquakes can cause prolonged interruptions to
retail operations and distribution networks, limiting communities’ ability to secure essential goods.
Access disruptions are not evenly distributed: empirical evidence from Hurricane Harvey in Harris
County, Texas, shows that socially vulnerable groups—particularly low-income and minority
communities—experienced disproportionate declines in grocery store access during both
preparation and short-term recovery phases. High-resolution mobility data reveal that these
disparities were shaped by differences in store redundancy, travel times, and the ability to commute

longer distances for supplies (Esmalian et al., 2022).
Undernourishment and Food Insecurity Risks

Disruptions to agricultural production, transportation, and distribution networks during natural
disasters can compound undernourishment risks in vulnerable populations. In fragile food systems,
these interruptions often lead to sharp increases in hunger and socio-economic instability. A multi-
country study in Asia found that failures in the food supply chain during crises directly contributed

to spikes in undernourishment, underscoring the need for timely interventions to secure nutrition

access (Khan et al., 2022).

Systemic Fragility Across Food Supply Chain (FSC) Stages
The grocery food supply chain operates as a tightly interdependent network, where disruptions at
any node can cascade downstream. Table 4-6, adapted from Khan et al. (2022), outlines the

primary disruption mechanisms across six stages of the chain:

Table 4- 6 Primary Disruptions
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FSC Stage Crisis-Related Impacts

Raw material Labor shortages, transport disruptions, cross-border delays

sourcing

Production Reduced output due to illness, processing plant closures

Processing & Restricted movement, packing material shortages, reliance on informal
Packaging labor

Storage Increased operating costs, reduced turnover, cold chain breakdowns
Wholesale Transport and market closures, logistics bottlenecks

distribution

Retail distribution Physical store closures, surge in e-commerce, reduced access for non-

digital consumers
Source: Adapted from Khan et al. (2022).

Field evidence shows that labor shortages and transport restrictions at the production stage can
delay the delivery of raw materials, while bottlenecks in packaging and storage facilities further
slow throughput. Cold chain networks—already costly and energy-intensive—are particularly
sensitive to disruptions, which can lead to rapid spoilage. At the retail stage, store closures and
surges in online demand can overwhelm last-mile logistics, particularly for populations with

limited digital access.

This interconnectedness magnifies the sector’s vulnerability: even short-lived upstream
disruptions can trigger shortages and delays downstream, especially in supply chains with minimal
redundancy. Moreover, the uneven distribution of impacts—such as disproportionate strain on cold
storage or urban distribution—underscores the importance of coordinated preparedness strategies

that integrate both public and private sector capabilities.

In sum, the grocery supply chain demonstrated high responsiveness under pressure, but also
revealed deep structural vulnerabilities. Understanding these interdependencies is essential for
designing more resilient systems. The next section will explore how private and public actors

responded to these weaknesses through targeted resilience strategies.

e Vulnerabilities of Grocery Retail Supply Chain Across SCOR model

To contextualize these weaknesses, grocery retail supply chain disruptions can be mapped against
the SCOR model, which highlights vulnerabilities across all functional stages rather than isolating

them.
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Plan — Demand forecasting is especially difficult for fresh and seasonal products, where even a
small error can lead to empty shelves or excess waste (Ge et al., 2004).

Source — Dependence on global imports for staple commodities, combined with poor visibility
into farming and processing sub-tiers, leaves the chain exposed when borders close or upstream
disruptions occur (Khan et al., 2022).

Make — Although retailers add limited value at this stage, they remain dependent on processing
hubs that are highly vulnerable to labor shortages, as seen during COVID-19 meat plant closures
(Luckstead et al., 2020) .

Deliver — Distribution is often the most fragile point, strained by port congestion, driver shortages,
and the constant need to maintain cold chain integrity for perishables (Wang et al.,2022).

Return — Reverse logistics are underdeveloped, which contributes to high levels of food waste

when products reach the end of their short shelf lives (Katzenberg & Ferguson, 2008).

Overall, the SCOR mapping highlights that grocery retail supply chains carry vulnerabilities at
every stage, with sourcing dependencies and cold chain fragility standing out as the most critical.
This pattern reinforces why resilience planning in the sector often focuses on diversification,

visibility, and waste reduction, rather than efficiency alone, such as JIT practices.

4.3.4 Resilience Strategies of Grocery Retail Supply Chains

Grocery retail resilience is increasingly defined by the ability to adapt operations, diversify
sourcing, integrate digital and Al-driven tools, and execute rapid emergency responses. The
COVID-19 pandemic exposed the fragility of JIT systems. At the same time, other high-impact
disruptions, such as natural disasters, demonstrate the need for structural redesigns, localized
sourcing, and humanitarian-grade logistics planning. This section synthesizes operational,

technological, and structural strategies aligned with four core focus areas.

Adaptive Measures

During the COVID-19 pandemic, grocery retailers adopted adaptive measures such as restricting
purchase quantities, offering preferential delivery slots to elderly and vulnerable customers, and
managing replenishment to smooth demand spikes, actions aimed at mitigating panic buying and

maintaining service continuity (Bandyopadhyaya & Bandyopadhyaya, 2021). Household-level
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factors such as transport access, income, and dietary preferences often influence store choice more
than geographic proximity, prompting targeted interventions like mobile markets and adjusted
store hours to match local needs (Ver Ploeg & Wilde, 2018). Al-enhanced demand forecasting
now incorporates external drivers such as weather, local events, and promotional campaigns,
improving forecast precision and reducing waste (Amosu et al., 2024). This combination of
behavioral insight and predictive modelling supports a proactive approach to inventory allocation,

enhancing both service continuity and cost control.

Sourcing Shifts

Sourcing diversification has become a cornerstone of resilience. Short food supply chains (SFSCs)
connect producers and consumers more directly, offering benefits such as improved trust,
responsiveness, and local economic value (Renting et al., 2003). European retail co-operatives
have leveraged direct relationships with producers to secure supply and support local economies,
with examples from Finland and Italy showing store-level autonomy to source locally within
broader corporate structures (Hingley et al., 2011). Large-scale retailers such as Wal-Mart have
adopted hybrid models that combine centralized national distribution with regional fresh produce
networks, reducing cross-border disruptions and improving recovery speed (Bloom & Hinrichs,
2016). Al-enabled procurement systems further strengthen this capability by continuously
evaluating supplier performance, lead times, and risk indicators, enabling near-real-time

reallocation of orders when disruptions occur (Sekhar, 2022).

Digital Tools

Digital transformation in grocery retail now extends beyond transactional e-commerce to
integrated decision-support ecosystems. Omnichannel logistics integrates offline and online
channels through coordinated use of physical stores, warehouses, and distribution centers, enabling
inventory pooling and flexible fulfilment that improves service levels, reduces stockouts, and
enhances operational efficiency (Eriksson et al., 2022). Al-driven inventory management systems
automate replenishment using live point-of-sale data, predictive analytics, and demand sensing,
reducing human error and improving stock rotation efficiency (Amosu et al., 2024). Predictive
logistics systems optimize routing for perishables by factoring in traffic conditions, vehicle

capacity, and product shelf life, ensuring quality upon delivery (Farooq et al., 2023). For local
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supply models, digital platforms also act as matchmaking hubs between small producers and
consumers during crises, sustaining product flow and mitigating income losses (Hingley et al.,

2011).

Figure 4-6 illustrates how the adoption of e-intermediaries and digital platforms creates alternative
pathways to consumers, allowing grocery retailers to maintain continuity during shocks such as

COVID-19.

Traditional and Pivot Pathways in Grocery Retail Supply Chains

Wholesale /
Food Service

Agricultural
inputs

Traditional .
Processing

E-Platform and
Delivery
Intermediaries

Figure 4- 6Traditional and Pivot Pathways in Grocery Retail Supply Chains.
Source: Adapted from Reardon & Vos (2021).

Emergency Response

Effective emergency response requires both surge capacity and structured crisis logistics. Retailers
have adapted humanitarian logistics frameworks to their operations, including Sheu’s (2007) three-
layer co-distribution model, which prioritizes delivery to affected areas based on urgency
indicators such as time since last supply, casualty ratios, and vulnerable population share. The
World Food Programmer’s phased corridor approach provides a blueprint for maintaining flows
into disaster zones through multimodal routing, forward logistics hubs, and designated
humanitarian staging areas despite damaged infrastructure (Hidayat et al., 2017). For grocery
retail, these methods can translate into pre-designated “dark stores” as temporary hubs, pre-
arranged agreements with air or maritime carriers, and integration of real-time severity mapping

into allocation systems. Al-based disruption monitoring further reduces response times by
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triggering contingency sourcing and rerouting within minutes, compressing the recovery cycle,

and limiting service interruptions.

e Resilience Strategies of Grocery Retail Supply Chains Across SCOR model

Looking at resilience strategies through the SCOR model helps show how grocery retailers have
tried to respond to vulnerabilities across different stages of the chain. Instead of being limited to

one point like sourcing or distribution strategies.

Plan — Retailers have strengthened forecasting and planning by adopting Al-enhanced demand
sensing, scenario modelling, and behavioral data integration (Amosu et al., 2024). These tools help
anticipate spikes, reduce waste, and smooth replenishment cycles, making planning more adaptive
under uncertainty.

Source — One of the clearest lessons from COVID-19 was the risk of over-reliance on global
imports. In response, many retailers expanded local sourcing for fresh produce, diversified import
origins, and invested in supplier development programs to strengthen upstream resilience (Hingley
etal., 2011; Sekhar, 2022).

Make — Although grocery retailers add little direct value at this stage, resilience has been supported
through flexible processing agreements and partnerships with co-packers. These arrangements
help handle surges in private label and essential goods without long delays (Bloom & Hinrichs,
2016) .

Deliver — Distribution resilience has centered on strengthening cold chain infrastructure with
digital monitoring (Aung & Chang, 2014), developing multimodal transport routes, and integrating
omnichannel fulfilment models that pool inventory across stores, warehouses, and online platforms
(Eriksson et al., 2022). This reduces bottlenecks and enhances last-mile responsiveness.

Return — Food waste management has emerged as a resilience lever in its own right. Retailers are
increasingly working with donation networks and adopting circular economy initiatives to redirect
unsold or near-expiry products (Ketzenberg & Ferguson, 2008). These reverse logistics not only

cut losses but also provide an important social buffer during crises.

Overall, the mapping of resilience strategies across SCOR shows that grocery retailers are moving

from an efficiency model toward one that balances it with redundancy and flexibility. The
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emphasis on forecasting, diversification, cold chain, and waste recovery reflects the vulnerabilities
exposed in recent crises, underscoring that resilience should be integrated across all stages of the

chain.

4.3.5 Sector-Specific Constraints and Enablers of Grocery Retail Supply Chains

Grocery retail combines high product turnover, essential goods provision, and strict compliance
demands, making it highly sensitive to disruption. Shocks such as COVID-19 or extreme weather
can quickly trigger stockouts, waste, and price volatility. Three interrelated characteristics shape

both its vulnerabilities and resilience potential:

e Perishability: short shelf lives and cold chain dependency demand precise, agile inventory
and procurement (U.S. Department of Agriculture [USDA], n.d.).

e Product criticality: non-substitutable goods with high price sensitivity require equitable
access strategies (Akbay & Jones, 2006).

e Regulatory context: stringent safety, traceability, and sustainability rules govern
operations, influencing both compliance and adaptive capacity (Bosona & Gebresenbet,

2013; Stazi & Jovine, 2022).

The following subsections examine each characteristic in turn (perishability, product criticality,
and regular context), highlighting their operational and strategic implications. This analysis shows
how grocery retail’s structural traits can be managed not only as constraints but also as enablers of

supply continuity, equity, and consumer trust under disruption.

Perishability

Perishability magnifies the volatility of supply chains during demand shocks. Unlike durable
goods, perishables cannot be stockpiled to buffer against uncertainty. When consumer demand
spikes unexpectedly, as during COVID-19, retailers face simultaneous risks of stockouts in high-
demand lines and waste in slower-moving categories. This dual risk exacerbates the bullwhip
effect: over-ordering to meet perceived demand can lead to oversupply just as consumer interest
declines, resulting in waste rates that, in fresh produce, more broadly, in the United States, food

waste is estimated at between 30—40% of the total food supply, including 31% food loss at the
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retail and consumer levels equivalent to approximately 133 billion pounds and $161 billion worth

of food in 2010 (USDA, n.d.).

From a strategic perspective, perishability influences retail format evolution. Economic modelling
suggests that supermarkets and online grocery platforms achieve a competitive advantage in
perishable categories through procurement systems that lower spoilage costs and optimize
assortment rotation (Lu & Reardon, 2018). However, online channels tend to carry narrower
perishable assortments compared to ambient goods — a deliberate SKU rationalization that

reduces unsold inventory risk but may limit consumer choice (Fedoseeva, 2023).

Retailers often employ strict grading standards, short-term contracts, and just-in-time delivery
schedules to align supply with volatile demand. While these approaches improve freshness and
reduce in-store waste, they can also transfer inventory and quality risks to upstream suppliers,

particularly those without adequate cold storage capacity (Bosona & Gebresenbet, 2013).

Technological enablers such as real-time temperature monitoring, RFID tagging, and blockchain-
based traceability platforms are becoming essential for managing perishability risks. These
systems allow rapid intervention during deviations, targeted recalls, and optimization of routing
based on remaining shelf life (Bosona & Gebresenbet, 2013; Stazi & Jovine, 2022). Such
technologies parallel practices in pharmaceutical cold chains, where regulatory enforcement of
batch-level monitoring has long been a resilience driver, underscoring the cross-sectoral potential

of digital traceability in managing time-sensitive goods.

In summary, perishability in grocery retail is not merely a logistical challenge; it is a structural
determinant of supply chain resilience. It shapes network design, channel strategy, supplier
relationships, and technology adoption, and during demand shocks, it is a primary amplifier of
both shortages and waste. Lessons from other cold chain—intensive sectors, such as
pharmaceuticals, show that proactive shelf-life management, integrated traceability, and

diversified sourcing are critical to mitigating these risks.

Product Criticality
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Food is an essential good, placing grocery retail at the center of public health, nutrition security,
and social stability. Because these products are non-substitutable in the short term, even brief
disruptions can trigger behavioral responses such as panic buying, observed during COVID-19
and other crises (Naeem, 2021; Taylor, 2021). This essential status elevates grocery retail into a
priority sector during emergencies, prompting coordinated public—private interventions to
maintain access, from emergency stock releases to targeted distribution via humanitarian logistics

systems (Sheu, 2007; Hidayat et al., 2017).

Price sensitivity plays a critical role in determining how different consumer groups experience and
respond to shocks. Empirical data from U.S. supermarkets show that lower-income consumers
exhibit significantly higher price elasticity — with own-price elasticities ranging from —1.96 for
snacks to —3.33 for ice cream — than higher-income households (Akbay & Jones, 2006). In the
context of essential goods like milk, cooking oil, and cereals, these elasticities imply that even
modest price increases can disproportionately reduce access for vulnerable groups. From a
resilience perspective, this suggests that stabilizing prices through subsidies, price caps, or

strategic reserves may be as important as ensuring physical availability.

Channel strategy interacts with product criticality in ways that influence resilience outcomes.
Online grocery platforms, for instance, tend to offer fewer low-margin staples than physical stores,
a rationalization that reduces operational risk but may limit access to critical goods in e-commerce-
reliant households (Fedoseeva, 2023). In perishable categories, stock availability hinges on
procurement flexibility and the ability to reallocate inventory between stores, regions, or channels
before spoilage occurs. Such capabilities mirror strategies in the pharmaceutical sector, where

high-priority medicines are dynamically rerouted to match shifting demand during emergencies.

Product criticality thus shapes supply chain design in three resilience-relevant ways:

1) It prioritizes rapid restoration of availability in crisis planning.
2) It necessitates equity-focused measures to protect access for price-sensitive populations.
3) It demands channel and inventory strategies that balance efficiency with inclusive

coverage.
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By treating product criticality as both an operational and socio-economic variable, grocery retailers
can better align supply chain design with resilience objectives, ensuring that essential goods

remain both available and affordable under conditions of demand volatility.

Regulatory Context

Grocery retail operates within a highly regulated framework spanning food safety, hygiene,
labelling, and traceability requirements (Fernie & Staines, 2001; Delen et al., 2007). In the EU,
these requirements are anchored in the General Food Law and supporting regulations, which
mandate both internal traceability (tracking product movement within a single company) and
external traceability (tracking across supply chain actors). Products are linked to a traceable
resource unit (TRU) via identifiers such as barcodes, RFID tags, or NFC systems, enabling precise

recall and accountability (Stazi & Jovine, 2022).

Global comparisons reveal differences in scope and implementation. The U.S. Food Safety
Modernization Act (FSMA) Sanitary Transportation Rule focuses on rapid recall capabilities and
safe handling during transit, while China has invested in government-led digital traceability
platforms for high-risk categories, integrating Quick Response (QR) code and blockchain into
regulatory oversight. These variations reflect different policy priorities: the U.S. emphasizes

industry compliance and speed, and China leverages centralized digital infrastructure for control.

Effective traceability is most impactful when integrated with broader logistics management,
linking procurement, storage, and distribution data to regulatory reporting systems. This
integration improves recall precision, reduces waste by identifying products at risk earlier, and

supports consumer trust through transparent supply chain data (Bosona & Gebresenbet, 2013).

Regulation is also increasingly tied to sustainability objectives. Under frameworks such as the
European Green Deal, policy measures target reductions in food waste, packaging recyclability
improvements, and cold chain emission cuts (Bulat & Carp, 2025). These goals often require
investments in packaging redesign, refrigeration efficiency, and waste monitoring systems, all of

which can affect operational flexibility.
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From a resilience perspective, regulation can be both an enabler and a constraint. On one hand,
standardized protocols and traceability systems enhance crisis response. On the other hand, rigid
compliance processes or fragmented standards across jurisdictions can slow adaptation (Fernie &
Staines, 2001). Effective resilience depends on regulatory systems that support interoperability,

real-time reporting, and temporary flexibility in emergencies.

Implications for Resilience

Taken together, perishability, product criticality, and regulatory oversight create a distinct
resilience profile for grocery retail supply chains. These features demand responsiveness to shocks

while also constraining flexibility.

e Cold chain robustness is essential, requiring redundancy in refrigeration, distributed
storage nodes, and continuous monitoring (James & James, 2010; Wang et al., 2022).

e Procurement agility allows retailers to balance volatility with supply assurance through
short-cycle contracts, multi-regional sourcing, and collaborative supplier quality programs
(Hingley et al., 2011; Sekhar, 2022).

e Technology-enabled traceability integrates regulatory compliance with operational
agility, enabling targeted recalls and reallocation of products based on shelf life (Bosona
& Gebresenbet, 2013; Stazi & Jovine, 2022).

e Channel-optimized assortment planning ensures that staples remain available in online
formats, while controlling waste in perishable categories (Fedoseeva, 2023).

¢ Income-sensitive pricing strategies mitigate inequity by shielding vulnerable households
from disproportionate impacts (Akbay & Jones, 2006).

¢ Policy coordination enables adaptive compliance, for example through expedited supplier
approvals or temporary labelling adjustments during crises (Stazi & Jovine, 2022; Bulat &
Carp, 2025).

In combination, these levers show how grocery retailers can turn structural constraints into
resilience enablers. While perishability, criticality, and regulation increase fragility, they also
define the pathways through which resilience can be built—ensuring safety, equity, and continuity

of food access even under disruption.
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Interaction of Sector-Specific Characteristics and Resilience Strategies in Grocery Retail

Perishability

Short shelf life
* Cold chain dependency
*  Procurement cycles

Resilience
Strategies

Regulatory

Context

Income-sensitive pricing
Policy coordination

*  Cold chain robustness » Safety and hygiene rules
*  Procurement agility * Traceability systems
Product * Traceability tech * Sustainability Policies
criticality * Assortment planning

* Essential goods
* Price sensitivity
*  Access equity

Figure 4- 7 Interaction of sector-specific characteristics and resilience strategies in grocery retail.

Source: Author’s elaboration based on USDA (n.d.); Akbay & Jones (2006); Bosona & Gebresenbet (2013),;
James & James (2010); Aung & Chang (2014),; Reardon & Vos (2021); Wang et al. (2022); Stazi & Jovine
(2022); Bulat & Carp (2025); Khan et al. (2022).

Figure 4-7 illustrates how the three defining characteristics of grocery retail — perishability,
product criticality, and regulatory context — each contribute to shaping six core resilience
strategies. Perishability drives the need for cold chain robustness, procurement agility, and targeted
assortment planning. Product criticality influences income-sensitive pricing strategies, channel
allocation decisions, and equity-focused access measures. Regulatory context sets the parameters
for traceability technology adoption, policy coordination, and compliance-related flexibility.
Together, these levers enable grocery retailers to maintain the availability, safety, and affordability

of essential goods under disruption.

In summary, the interaction of perishability, product criticality, and regulatory context gives
grocery retail a distinct resilience profile. These characteristics can act as constraints; for example,
low margins, high waste, and fragmented suppliers all increase fragility (USDA, n.d.; Akbay &
Jones, 2006), but they also create opportunities when supported by technology, policy, and
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adaptive strategies. Digital traceability systems and real-time monitoring, already widely applied
in food supply chains, improve visibility and recall precision (Bosona & Gebresenbet, 2013; Stazi
& Jovine, 2022). Likewise, evolving regulatory frameworks such as green logistics policies in
Europe signal a shift toward sustainability as both a compliance requirement and an enabler of

long-term resilience (Bulat & Carp, 2025).

Put differently, the very traits that make grocery supply chains vulnerable—perishability,
criticality, and regulation—are also the starting points for building resilience since they shape the

strategies that help keep food supplies running and ensure fair access during disruptions.

4.3.6 Synthesis of Grocery Retail Supply Chains

Grocery retail supply chains sit in a constant tension between being efficient and being resilient.
Because of perishability, product criticality, and strict regulations, the sector is exposed to regular
shocks. Vulnerabilities tend to cluster in Plan, where forecasting for fresh and seasonal goods is
often inaccurate, and in Deliver, where cold chain fragility and last-mile logistics break down
under stress. These weaknesses were especially visible during COVID-19, when panic buying, e-

commerce surges, and supply bottlenecks created both shortages and waste.

In response, most resilience strategies have focused on Source and Plan. Local sourcing, short
food supply chains, and diversification reduce dependence on global imports, while digital
forecasting and scenario planning improve planning under uncertainty. Compared with the
automotive sector, which is capital-intensive and rigid, and the pharmaceutical sector, which is
highly regulated and dependent on API imports, grocery retail is relatively more agile because it
can leverage local suppliers and rapid replenishment. But structural barriers remain, low margins
limit investment in redundancy, and perishability means the sector will always be more exposed

to volatility than others.

Table 4- 7 Structural Features and Vulnerabilities of Grocery Retail Supply Chains

Structural Why it Matters Ilustrative points / Key sources
Feature examples
Perishability Many products (fresh High waste rates (30— USDA (n.d.);
produce, dairy, meat) 40% of food supply lost | Wang et al. (2022)
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High product
turnover & tight
margins

Cold chain
dependency

Concentrated
sourcing &
market power

Digitalization of
logistics

Regulatory and
sustainability
pressures

have short shelf lives and
need cold storage

Fast-moving goods and
low profit margins drive
reliance on JIT systems

Perishables require
continuous refrigeration
in storage and transport

Few dominant retailers
and limited supplier
diversification

Growing use of online
grocery, forecasting
tools, and omnichannel
systems

Strict safety and
traceability rules; push
for greener logistics

in the U.S.); cold chain
breakdowns during
shocks

Limited buffers;
stockouts during demand
spikes; little room for
redundancy
Energy-intensive,
carbon-heavy, fragile
during disruptions;
spoilage risk in last-mile
delivery

Exposure to global
supply shocks; barriers
for small producers;
equity gaps

Forecasting errors
amplify volatility
(bullwhip effect); e-
commerce bottlenecks in
last mile

Compliance can slow
response; fragmented
oversight; costly
adaptation for low-
margin retailers

Source: Author’s elaboration based on key sources mentioned above.

4.4 Cross-Sector Comparison based on SCOR model

Fernie & Staines
(2001); Taylor
(2021)

James & James
(2010); Aung &
Chang (2014)

Kinsey (1998);
Burch et al.
(2013)

Ge et al. (2004);
Urquhart et al.
(2022)

Bosona &
Gebresenbet
(2013); Bulat &
Carp (2025)

This section synthesizes sector findings using the SCOR lens. Tables 4-8 and 4-9 align where

shocks hit (vulnerabilities) and how firms responded (resilience strategies).

Table 4- 8 Core Vulnerabilities by SCOR and Sector

SCOR Automotive Pharmaceuticals Grocery Retail
Stage
Plan Rigid forecasting models; Batch-based planning Forecasting volatility for

poor multi-tier visibility;
demand collapses/rebounds
poorly anticipated (2008,
COVID).

fresh/seasonal goods;
demand surges led to
panic buying and waste.

cycles; long regulatory
approvals slowed
adjustments.
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Source

Make

Deliver

Return

Supplier concentration in
semiconductors, wiring
harnesses; weak oversight
beyond Tier 1.

JIT/JIS left no buffers;
shocks (plant closures,
earthquake) cascaded
quickly.

Port congestion and
logistics bottlenecks
(COVID); infrastructure
failure after disasters.
Minimal recovery/reverse

logistics; shortages left few

fallback options.

Heavy API dependence
on India/China (>70%);
opaque sub-tiers; export
bans amplified risk.

Rigid GMP processes;
specialized equipment
limited surge capacity.

Cold chain fragility in
vaccines/biologics;
limited traceability in
LMICs.

Weak recall/reverse

Source: Author’s elaboration based on sectors in this chapter.

systems; redistribution of
scarce medicines difficult.

Dependence on global
imports for staples;
sourcing concentrated in
few suppliers; visibility
gaps upstream.

Retailers add little direct
value; reliance on
processing hubs
vulnerable to labor
shortages.

Cold chain breakdowns;
driver shortages; last-
mile delivery
bottlenecks.
Underdeveloped reverse
logistics; high food
waste from short shelf
lives.

Overall, automotive tends to break down in Source and Make because of its supplier concentration

and JIT fragility, pharmaceuticals in Source and Deliver due to API dependence and cold chain

gaps, and grocery retail in Plan and Deliver, where forecasting errors and last-mile bottlenecks

are most visible.

Table 4- 9 Resilience Strategies by SCOR and Sector

SCOR Automotive Pharmaceuticals Grocery Retail
Stage
Plan Al forecasting, digital Scenario planning, digital Al-enhanced demand

Source

Make

twins, scenario
planning.

Dual sourcing,
nearshoring, strategic
buffers (esp. chips).
Hybrid JIT with
selective buffers;
prioritization of high-
margin models.

twins, postponement
strategies.

Dual/multi-sourcing, API
reshoring, stockpiles.

Flexible setups (single-use
tech, modular capacity);
capacity sharing.

sensing, scenario
modelling, behavioral data
integration.

Local sourcing,
diversification, supplier
development programs.
Flexible co-packing and
processing partnerships
for surges.
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Deliver | Emergency logistics Cold chain monitoring (IoT, ' Cold chain monitoring;

protocols; multimodal blockchain); partnerships multimodal transport;
transport; direct for vaccine delivery. omnichannel logistics
supplier deals. pooling.

Return | Limited pilots in Weak but some advances in | Food donation networks;
reverse logistics and recall/digital traceability. circular economy
circularity. initiatives to reduce waste.

Source: Author’s elaboration based on sectors in this chapter.

Taken together, these strategies show that resilience is never uniform. Automotive leans on digital
visibility and selective buffers, pharmaceuticals on stockpiles and policy support, while grocery
retail relies on local sourcing and flexible replenishment. Despite these differences, a shared trend
is clear: all three sectors are moving from efficiency-only models toward a balance that builds in

flexibility and redundancy.

Conceptual Framework: From Shocks to Outcomes via SCOR Lens

Demand Shocks — .
Propagation and Vulnerabilities lzgsﬂlem.:e Sltra tggles
Amplification (Plan, Source, Make, SCenario planning,
(Systemic Shock) Deliver, Return) divessification, local
y ’ sourcing, digital tools)
Supply Shocks \ /

Outcomes
(recovery, continuity,
cross-sector lessons)

Figure 4- 8 Conceptual Framework: From Shocks to Outcomes via SCOR Lens

Source: Author’s elaboration based on Chou et al. (2016); Brinca et al. (2021); Supply Chain Council (2012);
Huan et al. (2004); Pettit et al. (2010); Christopher & Peck (2004); Colon & Hochrainer-Stigler (2022).

Figure 4-8 illustrates how demand and supply shocks can escalate into systemic shocks through
propagation and amplification. These interact with vulnerabilities, which are structured by SCOR
processes, and are addressed through targeted resilience strategies. The outcomes—recovery,

continuity, and cross-sector lessons—provide the comparative basis for cross-sector analysis.
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Chapter S Discussion and Conclusion

This chapter synthesizes the findings of the cross-sector analysis and draws broader lessons on
how supply chains respond to demand, supply, and systemic shocks. The evidence from
automotive, pharmaceutical, and grocery retail shows that while disruptions often originate locally,
they rarely remain contained. Instead, shocks propagate across interdependent networks and
escalate into systemic disruptions when structural vulnerabilities—such as supplier concentration,

lean buffers, regulatory rigidity, or perishability—are present.

5.1 From Sectoral Shocks to Systemic Disruptions

The cross-sector analysis shows that shocks rarely remain isolated. Whether triggered by demand
surges (e.g., panic buying in grocery retail; vaccine demand in pharmaceuticals) or supply
shortages (e.g., semiconductors in automotive; API export bans in pharma), disruptions rapidly
propagated through multi-tier networks. They became systemic when embedded fragilities
amplified their effects, such as supplier concentration, lean buffers, perishability, or regulatory

rigidity.

In this thesis, a systemic shock is understood as an event that begins locally but cascades through
supply networks and is amplified by structural vulnerabilities (Colon & Hochrainer-Stigler,
2022). Mapping Chapter 4 findings to SCOR clarifies these pathways: shocks typically enter
through Source (e.g., API or semiconductor shortages) or Deliver (e.g., port congestion, driver
shortages), are magnified by rigidities in Plan and Make, and ultimately manifest in service

disruptions across Deliver/Return.

For example, API shortages cascaded through global pharma supply chains due to over-
concentration in India and China (Francas, 2021; NASEM, 2022), while semiconductor
bottlenecks stalled automotive production across Europe and North America (Carvalho et al.,
2021; Singh et al., 2023). In grocery retail, panic-induced demand spikes cascaded into systemic
failures when logistics and replenishment systems lacked surge capacity (Hobbs, 2020). Thus,
supply and demand shocks serve as entry points that expose and amplify system design
weaknesses, underscoring the need for governance mechanisms and resilience investments that

extend beyond firm-level control.
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5.2 Resilience Strategies in Comparative Perspective

Resilience strategies across sectors can be grouped into three complementary capabilities:

Absorptive capacity (buffers and reserves, e.g., stockpiling medicines, holding safety
stocks of critical parts).

Adaptive capability (flexibility and diversification, e.g., dual sourcing, hybrid JIT/JIC
models, local sourcing).

Restorative capacity (rapid recovery, e.g., emergency distribution, expedited logistics,

reallocation mechanisms).

The effectiveness of these strategies varies by sectoral context:

Automotive: Supplier diversification and digital visibility tools helped mitigate
semiconductor and logistics risks, yet high capital intensity and long validation cycles
constrained adaptation (Singh et al., 2023).

Pharmaceuticals: Stockpiling and public—private partnerships enhanced absorptive
capacity, but structural dependence on APIs persisted, showing that policy and
governance remain as critical as firm-level actions (Francas, 2021; Gupta & Kayande,
2023).

Grocery retail: Demand forecasting and local sourcing enhanced agility, but
perishability and thin margins limited reliance on inventory buffers, making real-time

replenishment the core resilience lever (Hobbs, 2020; FAO, 2021).

Taken together, these findings suggest no single strategy is universally effective. Rather,

resilience depends on sector-specific portfolios that balance efficiency, regulation, and product

characteristics.

5.3 Cross-Sector Lessons Learned

The comparative perspective highlights several transferable practices:
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1) Multi-tier visibility: Automotive firms with digital control towers, pharma companies
with API tracking, and grocery retailers integrating POS and supplier data all managed
shocks more effectively. Transparency beyond Tier 1 is a universal enabler.

2) Supplier diversification and redundancy: Dual sourcing, geographic spread, and
nearshoring reduced vulnerability across all three sectors, though implementation varied
by product type (e.g., semiconductors vs. perishables).

3) Adaptive inventory management: Strategic stockpiles (pharma), safety stocks (auto),
and rapid replenishment cycles (grocery) show different forms of balancing efficiency
with redundancy.

4) Collaboration and governance: Partnerships between OEMs and suppliers, public—
private coordination in pharma, and retailer—farmer ties in grocery demonstrate that
resilience requires collective, not just firm-level, action.

5) Proactive planning and stress testing: Simulation exercises in automotive, pandemic
preparedness in pharma, and surge modeling in grocery underline the importance of

embedding resilience into planning rather than relying on reactive adjustment.

Sector-specific insights

o Automotive: Strength lies in supplier mapping and digital monitoring, but rigidity in
requalification and Tier 2/3 fragility limits responsiveness. Priorities include pre-
approved alternates, tiered buffers, and stress testing.

o Pharmaceuticals: Absorptive capacity is strong, but API dependence and KPI gaps
persist. Priorities include standardized resilience reporting, dual sourcing targets, and
interoperable cold-chain visibility.

e Grocery retail: Agility via local sourcing and digital forecasting is a strength, but low
margins and perishability constrain options. Priorities include shared cold-chain

infrastructure and supplier data-sharing platforms.

5.4 Implications

For policymakers:
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e Absorptive: Incentivize geographic diversification of APIs and semiconductors (e.g.,
chips) and invest in critical infrastructure like cold chains and ports.

e Adaptive: Harmonize emergency-use authorizations and encourage supplier transparency
standards.

e Restorative: Fund contingency logistics hubs and multi-sector coordination platforms.

For industry leaders:

e Absorptive: Maintain risk-based buffers for bottleneck inputs and prioritized SKUSs.

e Adaptive: Embed dual sourcing, nearshoring, and flexible contracts into procurement
strategies.

o Restorative: Institutionalize incident command structures, control-tower escalation, and

stress testing across SCOR processes.

Both sets of actors must balance resilience with efficiency, cost, and sustainability goals,
ensuring that resilience does not remain a short-term adjustment but becomes a dynamic

capability.

5.5 Limitations and Future Research

This study has several limitations that should be considered when interpreting its findings. First,
it relies primarily on secondary data sources. While this allowed the inclusion of a wide range of
documented disruptions, the depth and quality of evidence vary across sectors. For instance,
pharmaceutical supply chains are extensively studied, whereas grocery retail disruptions are less
systematically documented. Future research could complement secondary sources with primary

data, such as interviews or surveys, to capture real-time perspectives from practitioners.

Second, the use of the SCOR model provided a clear structure for comparing vulnerabilities and
resilience strategies, but it inevitably simplifies sector-specific nuances. Some features, such as
perishability in grocery retail or regulatory rigidity in pharmaceuticals, extend beyond the SCOR
categories and may require more tailored frameworks. Third, the analysis is qualitative in scope.
It maps vulnerabilities and resilience strategies but does not measure them in a quantitative

method. Future research could integrate simulation models, resilience indices, or SCOR-based
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key performance indicators (KPIs) to assess outcomes such as recovery time or service

continuity (Dolgui & Ivanov, 2021).

Finally, the study compares three very different industries—automotive, pharmaceuticals, and
grocery retail—on the assumption that resilience can be meaningfully analyzed across such
diverse contexts. While this cross-sectoral approach highlights transferable lessons, it should be
interpreted with caution. Extending the analysis to other critical sectors such as energy,

agriculture, or digital services would help test the generalizability of the findings.

Despite these limitations, the thesis sought to mitigate them by triangulating evidence across
three structurally distinct sectors and by consistently mapping findings to the SCOR model,

thereby enhancing coherence even without quantitative benchmarking.

5.6 Closing Synthesis

This thesis set out to compare how supply chains in the automotive, pharmaceutical, and grocery
retail sectors experience vulnerabilities and respond to demand, supply, and systemic shocks.
The analysis showed that although shocks often start locally, such as a shortage of a key input or
a sudden rise in demand, they rarely stay contained. Because of interdependencies and structural
weaknesses—Iike supplier concentration, lean inventories, or regulatory limits—the disruptions

can spread quickly and take on systemic shocks.

The study also found that resilience cannot be reduced to a single solution. Instead, it comes
from a mix of absorptive, adaptive, and restorative capabilities, with the balance shaped by the
nature of each sector. For example, perishability plays a defining role in grocery retail, while
regulatory rigidity shapes pharmaceutical supply chains, and capital intensity constrains
flexibility in automotive. Using the SCOR framework made it possible to map these
vulnerabilities and strategies consistently, which helped identify both sector-specific practices

and lessons that can transfer across industries.

Overall, resilience should be seen as a dynamic capability that is built over time. It requires
investments in visibility, diversified sourcing, stronger collaboration, and proactive planning.

Policymakers and industry leaders both have a role to play. Firms can adapt their operations.

&9



However, resilience also depends on governance and coordination across sectors. By bringing
these insights together, this thesis adds to the discussion on how supply chains can better sustain

continuity in an environment of increasing uncertainty and global interconnection.
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