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Understanding Systemic Disruption from the Covid-19-induced

Semiconductor Shortage for the Auto Industry

July 4, 2022

Abstract

Covid-19 has allowed us to study systemic disruptions that impact entire industries. This
paper explores how disruptions start, propagate, and continue over time by examining the
semiconductor chip shortage faced by the auto industry during the years following Covid-19
in 2020. First, we carried out a thematic analysis of 209 pertinent newspaper articles. The
analysis resulted in a thematic model of such disruptions with the interplay of various factors
leading to the prolonged disruption to the auto sector. Second, we present the results from a
stylized supply chain planning model run at different times to show how disruptions propagate
to the auto and other sectors, causing systemic shortages. Overall, we contribute to the supply
chain risk literature by focusing on system disruptions impacting entire industries versus normal

disruptions affecting a particular company’s supply chain.
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1 Introduction

While there is much literature on disruptions impacting downstream supply chain companies, there
is relatively little on system-wide or systemic disruptions affecting not just one company but also
an entire industry or industries.! Covid-19 and the pandemic-induced lockdown worldwide created
demand surges alongside supply shocks, resulting in prolonged shortages for the auto industry and
other industries. Indeed, the Organisation for Economic Co-operation and Development (OECD)

has called for system resilience to tackle Covid-related disruptions (Ramos and Hynes, 2020).

!The Bank of International Settlements defines a systemic disruption as the “impact of one or a series of events
that have the potential to threaten the stability of the financial system, with contagion effects among FMIs, financial
institutions, financial markets and others” for the financial system. See www.bis.org.
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Consider the chips shortage experienced by the auto industry following Covid-19 in late 2020,
which at the time of writing was expected to continue through 2023 or even 2024. Semiconduc-
tor shortages have impacted nearly all global auto manufacturers, creating production halts and
backlogs. The annual worldwide production losses were estimated as $110 billion by May 2021
(Wayland, 2021). As a result, the auto industry, chip manufacturers, and governments have turned
their attention to mitigation strategies to secure sourcing and capacity expansion. For instance,
the US government offered $50 billion incentives to Intel, Samsung, and the Taiwan Semiconductor
Manufacturing Company (TSMC) to set up factories in the US. At the same time, BMW signed a
semiconductor supply deal with Inova Semiconductors and Global Foundries in December 2021 to
secure supplies in the future, as did Stellantis with Foxconn to design a new family of semiconduc-
tors for its electric vehicles. Other companies made cuts: Ford shut some of its factories throughout
2021 and prioritized some models over others, Tesla did not include a redundant backup unit in
some parts of the world in its cars, and Volkswagen cut its night shifts in 2022.2

This paper seeks to understand systemic disruptions in supply chains by studying the chips
shortage in the automotive sector in two ways. First, we carried out a thematic analysis of news
articles on the Covid-19-led semiconductor shortage for the automotive industry to provide a the-
matic model of the causes and effects of the shortage. Second, we developed a stylized linear-
programming-based supply chain planning model and ran it at different times to understand how
shortages affect different industries and note the challenges of such modeling. Even with a stylized
model and a central planner, we can see the continued impact of disruptions. Thus, we draw lessons
and implications on how systemic disruptions start, propagate, and continue over time.

Our findings reflect that the interplay of external shocks and the reactions of the different supply
chain players prolong the disruption to the supply chain, making the disruption “systemic.” In the
specific context of the chips shortage for the auto industry, Covid and the resulting lockdown in
various countries were external shocks. The reaction of consumers, the chip manufacturers, and the
auto manufacturers were internal shocks that led to further responses, transmitting and amplifying
shortages through the global supply chain networks. As consumers demanded more electronic goods
during work-from-home, the chip manufacturers reallocated capacity to the consumer electronics
sector. The auto industry shut down and attempted to restart production. Further, the geographic
concentration of chip manufacturing did not help due to long lead times, poor coordination between

different tiers of the multi-tier auto industry, and the desire to over-order during periods of shortage.

’https://www.autocar.co.uk/car-news/business-tech%2C-development-and-manufacturing/
latest-updates-semiconductor-chip-crisis
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There are also findings regarding mitigation efforts. The auto industry players countered the
disruption through short-term operational strategies such as product and assembly line prioritiza-
tion. In the long-term, localization of sources, supplier consolidation, capacity planning through
stockpiling, and capacity reservation emerged as mitigation strategies. The chip manufacturers
and governments played a critical role in designing appropriate approaches to resolving the crisis.
Governments assume an essential role through subsidies or direct investments for creating domestic
manufacturing capacity. Increased capacity investments and hiring and training workers are among
the critical approaches for chip manufacturers to expand capacity in response. Through our stylized
model, we observed that the chip manufacturers’ capacity increases, and the auto manufacturers’
product mix changes cushion the impact of the semiconductor chip shortage.

In the rest of the paper, Section 2 reviews the related literature. Section 3 presents the results
of a thematic analysis of the immediate causes and effects broadly regarding the disruption to the
auto industry. Then, Section 4 presents an analytical model and the results we obtained from
runs on five sequential scenarios that partition the timeline from January 2020 to December 2023.

Finally, Section 5 discusses the implications of our study for researchers and managers.

2 Literature Review

Our study contributes to the supply chain risk literature in general by focusing on system disrup-
tions affecting entire industries versus normal ones that impact a single company’s supply chain.
In particular, we extend the Covid-19-motivated supply chain literature by studying the case of
the auto industry and the shortage of semiconductor chips. Our study seeks to contribute to the
nascent Covid-19-motivated literature on long-term systemic disruptions in the risk-and-resilience
literature that seeks to explain supply chain risk (Chopra and Sodhi, 2004; Tang, 2006; Sodhi et al.,
2012; Chopra and Sodhi, 2014). Sodhi and Tang (2021c) have presented the notion of extreme sup-
ply chain management motivated by Covid-19. Scheibe and Blackhurst (2018) have brought up the
idea of systemic risk in a supply chain, although their focus is primarily on the propagation within
the supply chain. Additionally, Ivanov (2020a) and Ivanov and Dolgui (2020) consider the ripple
effect for disruptions. However, the literature on understanding how systemic disruptions propa-
gate and impact supply chains is still nascent. Our paper seeks to contribute to this stream with
this study of the chips shortage in the auto industry, which shows how pandemic-led disruptions

propagate through supply chains.



The OM literature looks at supply chain risks in two categories broadly — operational risks
which relate to demand fluctuations, and disruption risks, which are low-likelihood events with
significant impact (see for e.g. El Baz and Ruel, 2021; Choi, 2021; Ivanov, 2020a; Ivanov et al., 2018;
Ivanov, 2020b). Within the the latter category, we may have super disruptions (Rozhkov et al.,
2022), an example being Covid-19 pandemic. Ivanov (2020a) discusses the distinctive features of
such disruption risks that are characterized by long-term existence, uncertainty, and propagation,
emphasizing a systemic view of such (super)disruptions. Queiroz et al. (2020) review the literature
tied to epidemics and propose a framework to study operational issues—adaptation, digitalization,
preparedness, recovery, ripple effect, and sustainability—and suggest that the traditional supply
chain models may not yield solutions to long-term global pandemic-led disruptions.

Chowdhury et al. (2021) identify key research themes: impact of Covid-19 pandemic; resilience
strategies for managing impact and delivery; role of technology in implementing resilience strategies;
and supply chain sustainability in the context of the pandemic. Among the issues studied, the key
focus areas are — demand spikes for essential goods and services (Chowdhury et al., 2021; Ivanov
and Dolgui, 2021; Gunessee and Subramanian, 2020; Queiroz et al., 2020); shortage of essential
products (Hobbs, 2020; Sharma et al., 2020); on-time delivery failures (Ivanov and Das, 2020);
supply disruptions and scarcity of parts (Baveja et al., 2020; Nikolopoulos et al., 2021; Singh et al.,
2021); increased backlog due to production disruptions and labor shortages (Ivanov and Das, 2020;
Mehrotra et al., 2020); and transportation delays and disruption in distribution channels (Choi,
2020; Ivanov and Dolgui, 2020).

Examining the ripple effect, Ivanov et al. (2014) describes it as “the impact of a disruption
on supply chain performance and disruption-based scope of changes in the supply chain structures
and parameters”. Failure at one node in an intertwined network leads to a domino effect. Dolgui
et al. (2020) states that ripple effect “refers to structural dynamics and describes a downstream
propagation of the downscaling in demand fulfillment in the supply chain as a result of a severe
disruption”. Ivanov (2020a) and Ivanov and Dolgui (2020) study the ripple effect in the context
of the pandemic-related disruptions. Furthermore, Haren and Simchi-Levi (2020) provide two
examples of Covid-19-induced ripple effect in the supply chains of Fiat Chrysler Automobiles (now
Stellantis) and Hyundai.

The pandemic-led disruption has also increased the emphasis on supply chain resilience. Supply
chain resilience signifies the supply chain’s ability to resist and recover to reach a (possibly new)

steady-state, where consumer demand can be satisfied (e.g. Aldrighetti et al., 2021; Chopra et al.,



2021; Shekarian and Mellat Parast, 2021; Rezapour et al., 2021; Hosseini et al., 2019; Ivanov et al.,
2018). The idea is to develop capabilities for a fragile supply chain to mitigate the disruptions caused
by the pandemic: inventory reservation; back-up and emergency inventory at the distribution
center; reserve capacity (Sodhi and Tang, 2021a) and multi-level commons (Chopra et al., 2021)
have been suggested as some supply chain resilience strategies in the recent Covid motivated supply
chain literature. There is also empirical work in identifying the impact of supply chain resilience
strategies (e.g Zakharov et al., 2020; Khalilpourazari and Hashemi Doulabi, 2021; Khalilpourazari
et al., 2021; Jha et al., 2021). Ivanov and Dolgui (2021) also discuss the need to adapt supply
chains to better prepare against future pandemics with a view to making supply chains more viable
in the long-term (Ivanov and Dolgui, 2020).

While studies on pandemic-led disruptions in supply chains are emerging, there remains sig-
nificant scope to improve our understanding of systemic disruptions that affect entire industries.
To address this gap, this paper undertakes a thematic analysis of news reports to draw out a
cause-effect framework of the chip shortage disruption and its propagation through the automotive
supply chain. We also develop a stylized analytical model to illustrate how disruptions propagate

over time, leading to shortages to draw insights for mitigation.

3 A Thematic Analysis of the Auto Industry Chips Shortage

Semiconductor chips are essential to the production of a vehicle as many sensors and controllers
require semiconductor chips. The applications of semiconductor chips include engine control, cruise
control, power seats and windows, airbags, automatic braking systems, and entertainment systems
(Boston et al., 2021). Moreover, vehicles are becoming more digital over time, requiring more
chips. Semiconductors also have extensive applications in other sectors, including medical devices,
computers, mobile phones, gaming systems, energy systems, and defense technologies (Ludwikowski
and Sjoberg, 2021).

The industry is capital intensive, with long lead times associated with capital expansion. Wafer
fabrication is a critical component of the semiconductor manufacturing process. The wafer fabri-
cation process is technologically challenging, complex, and highly capital intensive (Swaminathan,
2000; Trivedi, 2021). For example, a fabrication facility may require $4-20 billion investment,
about two years to construct, and take two or three years on the learning curve to get the desired

yield (Trivedi, 2021; Jie et al., 2021). Further, advanced tools, equipment procurement, research



and development, and worker training may add several millions of dollars to costs (Swaminathan,
2000; Jie et al., 2021). In addition to the cost barriers, semiconductor manufacturing requires ex-
tensive human capital and learning-by-doing, making it difficult to replicate or copy (Appleyard,
1996). That is why, despite outspending TSMC on R&D over ten years, Intel lags behind TSMC
in developing the most advanced semiconductor processes (Gallagher, 2021).

Consequently, the semiconductor industry has only a few dominating players, including Intel,
NVIDIA, Qualcomm, Samsung Electronics, and TSMC (Bauer et al., 2020). Even within these,
there is concentration, especially in the auto industry: TSMC produces around 92% of the world’s
most advanced chips and about 60% of the less advanced chips for the sector (Jie et al., 2021).
There is also geographical concentration, with 80% of chip manufacturing taking place mainly in
Japan, China, South Korea, and Taiwan (Gelsinger, 2021) with the US having 10-12% of the global
chip manufacturing (Whalen, 2021).

This paper looks at the systemic disruption to the auto sector after Covid-19 first struck in
2020. In the last quarter of 2020, limited stocks and unavailability of semiconductors created a
supply disruption for the auto industry, forcing production halts (Boston et al., 2021), reflecting
the dependence of auto original equipment manufacturers (OEMs) on semiconductor chips (Fitch,
2021). We analyzed articles from popular press and media on semiconductor shortage in the
automotive supply chains. Thematic analysis is a qualitative research method for “dentifying,
analyzing, and reporting patterns (themes) within data” (Braun and Clarke, 2006). Thematic
analysis is not tied to any particular theory or methodology; for instance, grounded theory makes
use of it (Sodhi and Tang, 2018). In particular, it is appropriate for exploratory studies such as
ours.

We carried out the six steps of thematic analysis following Hastig and Sodhi (2020) and Sodhi
and Tang (2018): (1) familiarization with the data, (2) generation of codes, (3) search for themes,
(4) review of themes, (5) defining and naming themes, and (6) production of the report (Braun and
Clarke, 2006). Step 1 needs further elaboration as the initial challenge was identifying the relevant
literature sample. Steps 2-4 were iterative, involving data reduction, assignment of codes, and
generation of sub-themes and themes. We followed a hierarchical approach in this regard where we
named themes and sub-themes in Step 5, resulting in the thematic model in Section 3.1.

We developed our data corpus from the business press and other media articles from June
2019 to June 2021, using the Factiva database with the keywords ‘chip shortage and automobile’,

‘chip shortage and supply chains,” and ‘chip shortage and automotive.” We limited the search to



the Financial Times; the Wall Street Journal; the New York Times; the Economic Times; the
Economist; New Straits Times; Los Angeles Times; the Times; the Times of India; China Daily;
South China Morning Post; Reuters; Washington Post; Forbes; Barron’s; Business Insider; and
Business Standard. After filtering out duplicates or articles that were not relevant, we were left
with 209 articles for our corpus (Appendix, Table Al). Thematic analysis yielded the model we

present in the subsection below.

3.1 A Thematic Model of Causes and Effects

Drawing out themes from the news articles helped us propose a cause-effect model (Figure 1).
Overall, the pandemic led to lockdown, with varying severity across countries. The lockdown re-
duced the demand for automobiles which caused several plants to cut production or completely shut
down. The automotive manufacturers subsequently canceled orders for various components, par-
ticularly semiconductor chips. In parallel, work-from-home led to increased demand for electronic
products such as laptops, tablets, gaming consoles, headphones, and wireless routers; the semicon-
ductor manufacturers reallocated their chip production capacities. In addition, the US imposed
restrictions on trade with a few companies like Huawei and ZTE technologies based in China, which
prevented semiconductor manufacturers like TSMC from trading with these firms. Uncertainties
in business and the potential for future sanctions led several companies to hoard semiconductor
chips, further aggravating the crisis.

With increased vaccination rates and phased re-opening of business activities towards the latter
half of 2020, automobile demand increased as consumers returned to the market, requiring auto
companies to increase production and place larger orders with the chip manufacturers. However,
these manufacturers were already operating at near or full capacity, catering to other sectors.
Other supply disruptions caused additional shipping and transportation delays. These disruptions
included sporadic virus outbreaks at ports in China, a fire at the Renesas Electronics Corporation,
a semiconductor manufacturer in Japan, and a cold winter storm in Texas, which has several
semiconductor fabrication facilities.

Thematic analysis indicated that the stakeholders in the semiconductor chip shortage include
auto manufacturers; suppliers; chip manufacturers; consumer electronic manufacturers; govern-
ment, dealers, and end consumers. The auto manufacturers were severely impacted, leading to
adverse effects such as production losses, lower sales, worker furloughs, and layoffs. The suppliers

in the auto supply chains include the Tier-1 and 2 suppliers to the OEMs in a multi-tier network.
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Figure 1: A thematic model of the systemic disruption to the auto industry, particularly in relation
to shortage of semiconductor chips.

Other stakeholders include the chip manufacturers geographically concentrated in Asia, consumer
electronic manufacturers, the various governments worldwide, and the car dealers and end con-
sumers impacted by shortages.

Next, we provide the findings from the thematic analysis in two categories: (1) the causes and
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Figure 2: Stakeholders in the supply chain chip shortage, as identified through thematic analysis.

(2) the effects of the chip shortage on auto manufacturers.

3.2 The Causes

The main themes identified for the cause of semiconductor chip shortage include— (1) global
pandemic, (2) supply disruptions, (3) auto supply chain complexity, (4) chip manufacturing re-
alignment, (5) post-pandemic recovery, and (6) geopolitical risks (Figure 3). We discuss these

below in detail.
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Figure 3: Causes of semiconductor chip shortage - themes and sub-themes

1. Global Pandemic: The sub-themes that emerge for the global pandemic are (a) infectious
disease onset, (b) lockdowns, and (c) consumer demand variation (Table 1). A series of infections
first reported in Wuhan, China, in December 2019 led to the identification of Covid-19. Subse-
quently, in March 2020, the World Health Organization (WHO) declared Covid-19 as a global

pandemic (Oraby et al., 2021). The fear of the infectious disease with clinical manifestations rang-



ing from mild fever to severe complications such as organ failure (Greyling et al., 2021) led many
governments to impose lockdown of varying degrees to slow down the rapid spread of infection
(Onyeaka et al., 2021). Governments also imposed restrictions on movement to reduce interaction
between individuals, and non-emergency sectors were completely shut down. Internationally, many
countries effectively suspended cross-border travel. The auto industry shuttered plants to prevent
the spread of infection among workers on site. Further, consumer demand forecasts in the first
half of 2020 were weak, so the auto companies operated many factories at reduced capacities or
suspended production entirely. Varying degrees of lockdown in different countries implied similar

degrees of shortages of workers.

No. | Sub-theme Underlying Reference
Codes
1 Infectious dis- | Covid-19, infection | 2, 5, 6, 9, 16, 18, 19, 21, 24, 26, 30, 31,
ease onset cluster, Hospital- | 32, 33, 35, 37, 40, 43, 46, 48, 49, 54,
ization, Death, | 56, 60, 61, 63, 69, 70, 72, 74, 77, 78, 79,
Virus Outbreak, | 80, 83, 87, 88, 91, 96, 99, 102, 105, 109,
Pandemic Restric- | 111, 112, 114, 115, 116, 118, 123, 125,
tions 129, 131, 134, 135, 136, 137, 139, 140,
141, 143, 148, 149, 156, 158, 162, 164,
169, 174, 176, 178, 182, 185, 186, 192,
194, 199, 203, 208
2 Lockdowns Cars, Electronics, | 6,8,9, 14,24, 27,43,53,57,
Home Appliances, | 58,60, 61,63, 66,69,73,76,
Laptops, Wifi | 77,81, 85,87,93, 94,
Routers, Tablets, | 95,96,99,101, 102, 105,
Gaming Consoles 110,112,114,116, 118,
123,124, 125,127,129,
130, 143, 152, 155, 158,
159,161,162, 166, 167,
169,171,178,179, 181,
184, 187,188,189, 194,
195,199, 201, 202, 205, 206
3 Consumer Work from Home, | 2, 17, 24, 32, 35, 43, 44, 53, 54, 82, 86,
demand varia- | Stay at Home, Dig- | 99, 106, 107, 113, 120, 135, 165, 183,
tion ital Infrastructure, | 203, 206
Online  Meetings,
Telecommunica-
tions, Broadband

Table 1: Semiconductor Chips

Shortage — Global pandemic

2. Supply disruptions: These were (1) production or plant disruptions, (2) logistical delays,

and (3) other disruptions (Table 2). Virus outbreaks in Taiwan and South Korea impacted plant

10



production due to a shortage of workers (Hill et al., 2021). Several other disruptions, too, added to
the shortages. A cold wave in Texas in early 2021 impacted production at the Samsung, Infineon
Tech, and NXP semiconductor plants (Inagaki and Campbell, 2021). In addition, a fire at the
Renesas Electronics Corp facility in Japan added to the production disruptions, as the fire damaged
nearly two-thirds of the facility related to the production of automotive chips (Inagaki et al.,
2021a). Logistical issues, primarily from shipping delays and congestion at the ports, compounded
the problem. Infections at one of the busiest ports in Yantian in southern China led to delays in
loading and unloading cargo. As containers got clogged at various ports, chip manufacturers faced

increased shipping costs, with the cost of shipping using containers increasing nearly tenfold (Hill

et al., 2021).
No. | Sub-theme Underlying Codes Reference
1 Production Natural Disaster, Storm, | 21, 27, 31, 43, 67, 70, 73, 83,
disruptions Fire, Drought, Man-made | 99, 102, 105, 123, 124, 125,
Events, Power  Outages, | 126, 147, 183
Power  surge, Damaged

equipment, Taiwan
2 Logistical de- | Ports Choking, Container | 41, 46, 60, 73, 87, 88, 99, 106,
lays Availability, Freight Trans- | 109, 118, 127, 145, 149, 154,
port, Motor Vehicle Parts, | 175, 183, 206, 208

Railroad operator, shipping
routes, logjams

3 Other disrup- | Labor Shortage, labor Strike, | 24, 31, 46, 67, 70, 95, 101,
tions Real-Estate 162, 191, 203

Table 2: Semiconductor Chips Shortage — Supply disruption

3. Auto Supply Chain Complexity: The main sub-themes that emerge from the auto
supply chain complexity are (a) multi-tiered supply chains, (b) manufacturing concentration, and
(c) supply chain coordination (Table 3). The complex nature of automotive supply chains further
aggravated the problem of shortages. For example, General Motors (GM) sources its auto parts from
about 250 suppliers who procure their chips from 11 different semiconductor chip manufacturers
(Whalen, 2021). An auto manufacturer places orders with Tier-1 suppliers like Continental AG
and Bosch, who put their orders with Tier-2 suppliers such as NXP Semiconductors, Infineon
Technologies AG, and STMicroelectronics (STM). Knowing that they may not be able to fulfill all
orders using their existing capacity, these Tier-2 suppliers place orders with large semiconductor
chip manufacturers like TSMC (Pan, 2021c). Order cancellations and shortages spread through

the supply networks, with production concentrated in Asia and information delays in the multi-
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tiered global networks. The ability of suppliers, therefore, to procure additional chips was severely

impacted by shortages.

No. | Sub-theme Underlying Codes Reference

1 Multi-tiered Tiered supply, Tier | 24,53, 60, 61, 70, 99, 105, 111, 135,
supply chain 1,2,3, Bosch, Parts, | 171, 190, 194, 195, 206, 208
Electronic control units,

vertical procurement
platform
2 Manufacturing | 80%  factories  Asia, | 6, 25, 43, 44, 45, 46, 53, 55, 58,
concentration | TSMC foundries, over | 60, 61, 63, 70, 82, 84, 86, 97,
dependence 99,102,107,110,111,112, 113, 114,
126, 129, 134, 136, 139, 140, 145,
146, 147, 148, 150, 159, 160, 161,
170, 178, 183, 198, 199, 202, 203
3 Supply chain | Forecast update, in- | 2, 4, 5, 24, 43, 45, 46, 47, 50, 51,
coordination formation sharing, | 53, 58, 60, 61, 63, 64, 69, 73, 74,

contract, JIT system, | 77,89,107,110, 111,112,117, 120,
inventory, buffer, orders, | 130, 147, 151, 155, 159, 162, 171,
Production technology | 173, 175, 179, 181, 190, 191, 193
complex, Information
Flow

Table 3: Semiconductor Chips Shortage — Auto supply chain complexity

4. Chips manufacturing re-alignment: The main sub-themes that emerge are - (a) product
mix changes, and (b) capacity re-allocation (Table 4). Chips manufacturers earn a higher margin
on the high technology chips used by consumer electronics manufacturers instead of the low margins
on the chips produced for auto manufacturers. As a result, the semiconductor manufacturers reallo-
cated their production capacities toward producing high-end chips. Semiconductor manufacturers
found it more profitable to meet the increased demand for 5G smartphones, tablets, video game
consoles, and gaming platforms produced by Sony and Microsoft. In 2020, TSMC obtained only
4% of its revenues from the production and sale of automotive chips, but nearly 50% of its revenues
from the chips produced for the smartphones (Hille and Inagaki, 2021). The higher margins for
semiconductor manufacturers resulted in lesser incentives to alter their product mix, given that
they already operated at total capacity.

5. Post-pandemic recovery: The sub-themes related to post-pandemic recovery include —
(a) consumer demand recovery, and (b) vehicle component orders (Table 5). Towards the latter
half of 2020, as countries began the gradual phasing away from lockdown, demand for automobiles

increased as consumers preferred to use their transportation (Narasimhan, 2021). As auto manu-
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re-allocation

gins, Low Margins, Prof-
itable, Cutting Edge Technol-
ogy, digital technology, high
speed cellular technology

No. | Sub-theme Underlying Codes Reference
1 Product mix | 5G chips, mobile phones, | 1, 2, 4, 10, 24, 38, 41, 43, 45,
changes smartphones, webcams, 8mm | 54, 56, 58, 60, 61, 70, 87, 112,

old chips, 12 mm chips, | 115, 120, 121, 122, 128, 129,
sophisticated chips, cutting- | 135, 139, 140, 150, 159, 183,
edge technology, component | 199, 202, 206
mix, critical components

2 Capacity capacity shifting, High Mar- | 4, 15, 18, 19, 21, 22, 23, 35,

40, 43, 45, 46, 49, 60, 66, 67,
70, 73, 75, 79, 86, 87, 99, 102,
111, 112, 123, 129, 134, 135,
139, 144, 146, 151, 155, 157
171, 174, 175, 177, 179, 188
189, 197, 198, 200

facturers increased their production of cars, they also placed a greater demand for semiconductor
chips that propagated upstream. However, due to limited chip manufacturing capacities, their sup-
pliers informed auto manufacturers that they could not meet the increased demand (Root, 2021).

The prolonged unavailability of chips led to the shortage, and the automotive industry halted or

postponed the production decisions due to the shortage.

Table 4: Semiconductor Chips Shortage — Chip manufacturing re-alignment

No.

Sub-theme

Underlying
Codes

Reference

Consumer de-
mand recovery

demand,
Strong

Strong
Boom,
Bookings, Spike,
Surge,  Economic
Recovery, Back to
life, Momentum,

Global Growth

11, 15, 16, 22, 24, 27, 28, 31, 50, 51, 54,
55, 56, 58, 60, 61, 66, 67, 71, 76, 79, 80,
82, 88, 94, 98, 106, 109, 111, 112, 132,
138, 141, 142, 143, 144, 149, 152, 157,
158, 167, 183, 186, 194, 200, 203, 204,
208

Vehicle
ponent orders

com-

EV  Plugs, ABS,
Power  Windows,
Catalytic Convert-
ers, Dashboard
Display, Electronic
Control Units, Bat-
teries, Stabilizers,
Sensors

2, 15, 24, 35, 39, 40, 43, 46, 52, 54, 55,
58, 60, 61, 67, 68, 69, 70, 77, 80, 86, 87,
99, 105, 109, 112, 114, 116, 119, 127,
130, 135, 137, 139, 140, 142, 144, 145,
157, 162, 167, 169, 171, 175, 176, 184,
185, 188, 191, 192, 196, 197, 198, 201,
206, 208, 209

6. Geopolitical risk: The sub-theme related to geopolitical risk includes trade wars (Table

6). The US government imposed a ban on exporting semiconductor chip manufacturing equipment

Table 5: Semiconductor Chips Shortage — Post-pandemic recovery
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to a few companies in China (Yamamitsu and Kelly, 2021). This impacted Semiconductor Man-
ufacturing International (SMIC), China’s largest chip manufacturer. Chip manufacturing involves
advanced and complex technology, and the intellectual property for the design of chips is mainly
concentrated in the companies in the US. The trade ban resulted in some of SMIC’s clients hoard-
ing chips (Whalen et al., 2021). In addition, the US government imposed sanctions on Huawei
Technologies and coordinated with TSMC to prevent the sale of semiconductor chips to Huawei
and ZTE. In anticipation of being put on a US trade blacklist, the firm began stockpiling chips in
2019, contributing to tight capacity at Huawei’s leading foundry supplier TSMC. SCMP reported
that the “shortage was exacerbated by double booking from chip buyers anzious to secure inven-

tory, which itself was a consequence of supply chain uncertainty created by the US-China tech war”

(SCMP, 2021)

No. | Sub-theme Underlying Codes Reference

1 Trade-wars Trade war, Tariffs, Ban, US-China | 1, 4, 24, 35, 38, 43,
Trade war, US-China tensions, geopo- | 46, 55, 57, 60, 61,
litical environment, US sanctions, tech- | 62, 69, 70, 74, 75,
nological supremacy, SMIC, Huawei, | 87, 89, 92, 96, 99,
national security, stockpiling, hoarding, | 111, 112, 114, 121,
defence 129, 130, 139, 162,
204

Table 6: Semiconductor Chips Shortage — Geo-political risks

Next, we identify themes that detail the effects of the semiconductor shortage.

3.3 The Effects

We identify the main themes for the effects of semiconductor chip shortage - (a) Production Disrup-
tion, (b) Inflationary Pressures, (c) labor Issues, and (d) End consumer and dealer issues (Figure
4).

1. Production disruptions: The sub-themes that we identify are — (a) chips and component
unavailability, (b) plant shutdowns, and (c) production volumes and capital lock-in (Table 7). As
the post-pandemic increase in demand propagated upstream in the auto supply chain, the chip
manufacturers already operating at full capacities could not meet the additional demand placed by
the suppliers of the auto manufacturers. The impact of the semiconductor chip shortages led auto
manufacturers to shut down plants globally. GM suspended production in three of its US, Canada,

and Mexico plants. Due to the non-availability of components, GM suggested to “build vehicles
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Figure 4: Effects of semiconductor chip shortage - themes and sub-themes

without certain components, and then add them in at a later date” (Levin, 2021). Ford canceled its
production schedules at its Kansas City plant (Whalen, 2021). Volkswagen and several Japanese
manufacturers like Honda and Nissan had to adjust production at their factories in Japan and North
America (Kay, 2021a). Auto manufacturer Tesla too suspended production of its Model 3 sedan
for a few weeks (Daniel, 2021). Further, electric car start-ups NIO and Xpeng faced production
disruptions in China due to the non-availability of semiconductor chips (Ren, 2021). In response,
several auto manufacturers, such as Tesla, announced making complete payments in advance to
secure supply, thereby leading to the lock-in of capital (Denton, 2021).

2. Inflationary pressure: The main sub-themes that emerge are — (a) price rise of semicon-
ductor chips and components and (b) price rise of select models (Table 8). The shortage, coupled
with higher shipping costs, led to an increase in the price of chips. For example, STMicroelectronics
(STM), Europe’s largest chip manufacturer, increased the price of chips in June 2020 (Pan, 2021b).
The impact of the price increase of chips caused the auto manufacturers to increase the price of
their vehicles. Consumers in the US faced a rise in price on some select models to the order of $5000
(Ajmera, 2021). Dealers reduced offers and discounts to consumers due to the non-availability of
models (Kay, 2021a). Tesla announced that the shortage of semiconductor chips was the primary

reason for increasing the price of its Model 3 vehicle by about $500 (Denton, 2021). Not just new
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No. | Sub-theme Underlying Codes Reference
1 Chips and | Chip Shortage, Suppliers, Spare | 2, 8, 9, 12, 13, 15, 18, 24, 25,
component parts, Full capacity, Orders, Mod- | 26, 28, 29, 31, 33, 34, 37, 40,
unavailability | ule, Constituent, Doors, Wind- | 43, 44, 46, 47, 48, 49, 50, 54,
screen Wipers, Integrated Circuits, | 55, 56, 58, 59, 60, 61, 64, 68,
Remote Control Units, Infotain- | 69, 75, 77, 83, 84, 88, 93, 94,
ment, Power Steering, Anti-Lock | 99, 100, 102, 111, 112, 114,
Brakes, Power Management, Sys- | 115, 116, 118, 123, 125, 126,
tems Monitoring, Just-in-Time, | 133, 142, 145, 148, 159, 160,
Parts Makers 162, 168, 170, 171, 174, 176,
182, 191, 194, 198, 205, 206,
207
2 Plant shut- | Production halts, factory shut- | 18, 25, 26, 33, 35, 36, 42, 45,
downs downs, idle plants, production | 63, 68, 69, 74, 83, 96, 102,
cuts, factory output cuts, manu- | 103, 104, 108, 111, 114, 117,
facturing index, slow manufactur- | 127, 131, 133, 142, 148, 149,
ing activity, idle line, idle auto fac- | 163, 172, 179, 180, 184, 195,
tories, domestic car manufactur- | 197, 200, 206
ing, production shutdowns, shut-
down extension, extended cuts, ve-
hicle production losses
3 Production Carmakers’ production, produc- | 2, 3, 7, 15, 19, 20, 24, 25, 26,
volumes and | tion capacity, production volume, | 42, 43, 45, 47, 58, 64, 65, 70,
capital lockin domestic production, production | 75, 84, 87, 93, 97, 102, 107,
plans, vehicle output, production | 111, 112, 132, 133, 155, 161,
constraints, vehicle lines, lost pro- | 162, 171, 175, 178, 179, 181,
duction, advanced payment, secure | 185, 199, 203
supply

vehicles, the price of used cars too increased by about 10% as the absence of newer models shifted
consumer demand to secondary car markets (Smith and Stubbington, 2021). Lastly, the global
chip shortage also led to the increased price of consumer electronics (including washing machines

and refrigerators) to grow, indicating the cross-sectoral inflationary pressures caused by the lack of

chips (Kay, 2021b).

3. Labor issues: The main sub-theme related to labor issues are — worker layoffs and fur-
loughs (Table 9). There were labor shortages both at the chip manufacturer and auto manufacturer
echelons. Chip manufacturers use advanced technology, and hence there is a need for highly skilled
workers. The pandemic disrupted the availability of workers at the plants, impacting chip pro-
duction. At the end of the auto manufacturers, temporary production halts implied that auto

manufacturers had to cut down the shift hours and, in some cases, furlough or layoff workers.

Table 7: Production disruption
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No. | Sub-theme Underlying Codes Reference
1 Price rise of | Rising prices, inflation out- | 7, 16, 30, 35, 46, 73, 79, 88,
chips and com- | look, commodity costs, short- | 92, 93, 96, 105, 109, 111, 112,
ponents ages of inputs, freight costs, | 143, 169, 178, 183, 195, 203
container shipping costs, fac-
tory gate prices
2 Price rise of se- | Inflation, consumer prices, | 7, 16, 35, 46, 71, 72, 88, 93,
lect models consumer price index, dealer | 96, 98, 101, 111, 143, 166,
margins, demand surge, | 169, 183, 195, 203
freight costs

Table 8: Inflationary pressures

For example, Daimler cut the working hours of about 18,500 workers in its factories. Also, Ford
announced that its production cuts would impact nearly 2000 workers (Lea, 2021). Furthermore,
Jaguar Land Rover suspended production at two of its plants (Keown, 2021), causing downtime

for thousands of its workers. Volkswagen too furloughed several workers (Miller, 2021).

No. | Sub-theme Underlying Codes Reference

1 Worker  fur- | Temporary layoffs, factory work- | 18, 40, 45, 60, 71, 149,
loughs and | ers, plant workers, idle factory, fur- | 170, 174, 189, 199, 204,
layoffs loughed workers, worker hours 205

Table 9: Labor issues

4. End-consumer and dealer issues: The main sub-themes that emerge are - (a) limited
vehicle stocks, (b) limited sales deals, and (c) secondary car market (Table 10). Due to the scarcity
of semiconductor chips, auto manufacturers could produce only specific vehicle models, severely
impacting the choice available to the consumers. As a result, car dealers could carry only limited
stock of vehicles and deals they could offer to consumers (Kay, 2021a). The limited stock impacted
the secondary market consisting of used and rental cars. Limited choices and lower production of
new vehicles fueled the demand for used cars. Furthermore, during the pandemic, restrictions on
travel implied that the demand for rental cars decreased. As a result, rental car agencies sold their

fleet of cars to generate cash (Rampell, 2021).

4 Modeling the Chips Shortage for Auto Industry

We next sought to understand how the factors associated with the different themes in Section 3 act
together to create and propagate the effects of disruption. The simplest — and therefore the most

transparent — stylized model we could adopt is one for a central supply chain planner to shed light
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No. | Sub-theme Underlying Codes Reference

1 Limited vehi- | Car dealers, model non-availability, monthly | 18, 27, 43, 45 50,
cle stocks sales loss, automobile dealers association, | 51, 69, 78, 90, 105,
limited supplies, reduced inventory, waiting | 126, 177, 182
period, auto sales, retail sales, empty dealer-

ships
2 Limited sales | Less deals, less choices, shrivelling discounts, | 18, 27, 45, 50, 51,
deals new-vehicle incentives 69, 78, 90, 126, 153,
177, 195
3 Secondary car | Car rentals, used cars and trucks, customer | 18, 51, 56, 96, 158,
markets sentiment, used vehicle prices, used models, | 195, 199

used car market

Table 10: End consumer and dealer issues

on the systemic disruption for the auto industry. Such a model could then be run at different times
as the situation changed to see the overall impact on backlog and production. Below, we describe

such a model and then present the combined results of runs for different “scenarios” over time.

4.1 A Stylized Planning Model

Consider a central planner who seeks to maximize supply chain profit with a (stylized) planning
model with three ‘industries’ with one commodity representing each industry: automotive, other,
and consumer electronics (Figure 5). All three sectors compete for chip allocation, produce finished

goods, and distribute them to downstream consumers.

Demand, D; ;

T T T Backorders, B; ;,Sale qty, Z;,
Inventory, I;;, Capacity, C; s,
Production qty, Y,
Automotive Other Consumer Electronics

Chip production qty, X; ,
Capacity,C'

Semiconductor
Manufacturer

Figure 5: Supply Chain Schematic

Each sector represented by a corresponding plant i receives X;; chips from the semiconductor
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manufacturer, and produces a quantity Y;;. The plant can also carry inventory I; ;. The plant sells
quantity Z;; to meet demand D;; or have backlog B;;. The production decision can either meet
sales demand or result in inventories, while the sales decision can either meet consumer demand
or result in the backlog. We assume that backlog at each plant ¢ decays with the factor A <1
per period, i.e., only AB;;_ from the previous period are carried over. Producing a unit product
in any sector requires one chip. Each plant manufacturing product i has capacity C;; at time ¢,
and the capacity at the semiconductor manufacturer is C’, which is constant over time. R; is the
marginal revenue of product ¢, P; is the penalty per period for the backlog, and H; is the holding
cost per period for each unit of the i*" product. The unit cost of production of the " product is

¢;. Table 11 provides the notation for easy reference.

Notation | Description
R; Marginal revenue of product 4
F; Penalty per period for backlog of product i
H; Unit holding cost per period for each unit of product i
c Unit cost of product ¢
D; Demand of product ¢ at time ¢
Xit Chips production quantity for product i at time ¢
Yit Finished good production quantity of product ¢ at time ¢
Zit Sale quantity of product ¢ at time ¢
I Inventory of product ¢ at time ¢
Bt Backorder of product 7 at time ¢
A Decay factor for backlog
Cit Capacity of plant ¢ at time ¢
c’ Capacity of semiconductor manufacturer

Table 11: Model notations

In this model, the objective of the centralized planner is to maximize profits for the entire
supply chain, i.e., revenue generated from sales of finished products less the inventory holding and

backorder costs of the finished products, and the unit cost of production:

Maximize 5,5 | {RiZiy — P,Biy — Hil; — c;XLt}] (1)

The constraints are listed below. The chip manufacturer has capacity constraints (inequality
2). We have flow and resource constraints at the i sector manufacturer, with the production
quantity constrained by the chips’ availability or capacity at each plant in each period (inequality

3). Moreover, we need to ensure the flow constraint at each plant where sales in the current period
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can be satisfied by the production quantity in the current period and inventory from the previous
period that can result in additional inventory I;; (equation 4). Consumer demand in the current
period and the backlog from the previous period must also balance out with sales or result in a

backlog in the current period (equation 5). All variables also need to be non-negative (equation 6).

YiXie < C'foralli t (2)

Yi: < min(Ciy, Xiy) for all i, ¢ (3)

Zig+1Liy = Yig+1iz (4)

Dt +ABiy—1 = Zig+ By (5)
Xit,Yit, Zig, By, Iiy > 0, for all products ¢ and times ¢ (6)

4.2 Model Run Setup

Our purpose in running this model was to plan centrally up to the decision horizon, assuming the
plan is implemented for a certain period until the supply or demand situation changes, and then
plan again from that time on. Thus, we ran this model for five different “scenarios” that partition
the four years from October 2019 to October 2023 with monthly time buckets.

The base scenario is the pre-Covid-19 phase with flat demand in all sectors and sufficient
capacity at the chip manufacturer; there is no backlog of demand in any industry. In scenario 1,
the production is shut down in the auto sector, while demand for consumer electronics is increasing
because of lockdown and work-from-home arrangements resulting in increased demand for chips.
Recall that two of the sub-themes for production disruption are plant shutdowns and chips and com-
ponent unavailability (Figure 3). Furthermore, the sub-themes — lockdown and consumer demand
variation represent the conditions depicted in Scenario 1, where the demand for electronic items
increased (Figure 2). Scenario 2 has production restored in the automotive plant, and demand
for cars remains flat. However, electronics sector demand continues to trend up. The scenario is
consistent with the theme post-pandemic recovery and the sub-theme consumer demand recovery.
In scenario 3, the auto sector prioritizes producing higher-margin car models (as Ford and Tesla
did, among other manufacturers) as a mitigation strategy and can buy more chips at a higher price.
Finally, scenario 4 incorporates the mitigation strategy of additional capacity. We observe that

with additional capacity (considered to be 70000 chips), backlogs of the other sector reduce, and
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chips allocation and production of finished goods for all the three sectors are restored (Table 12).

’ Item ‘ Base scen. ‘ Scenario 1 ‘ Scenario 2 ‘ Scenario 3 ‘ Scenario 4
Time Oct’19-Feb’20 | Mar’20-Sep’20 | Oct’20-Dec’21 | Jan’22-Dec’22 | Jan’23-Oct’23
Context Pre-pandemic | Auto shut- | Electronics de- | Auto demand | Increased chip

down mand decreases capacity
Demand Flat for all sec- | Rising for elec- | Rising for elec- | Lower demand | Flat for all sec-

tors tronics tronics level for auto tors
Mitigation | - - - Auto product | Added chip ca-
mix altered pacity

Disruption | - Auto plant | Continued - -

shutdown electronics de-

& electron- | mand uptrend

ics demand

uptrend

Table 12: Details of the five sequential scenarios used for model runs

Table 13 shows the parameter values.

Plants/sector data
- Automotive | Other | Consumer Electronics
Marginal Revenue 30 40 100
Inventory holding cost/unit/month 3 4 20
Backlog cost/unit/month 6 8 40
A 0.9 0.9 0.9
Capacity 15000 10000 60000
Semiconductor data
Marginal Revenue 9 12 30
Inventory holding cost/unit/month 1 1 3
Backlog cost/unit/month 2 2 6
Cost per unit 5 6 15
Capacity 50000

Table 13: Input data for the model

Over these four years and the five scenarios, demand for the automotive sector was flat at 15,000

units except in Scenario 3 (Jan-Dec’22), when it fell to 10,000 units. The demand for the ‘other’

sector is flat at 10,000 units throughout the horizon. In comparison, the electronics sector has an

S-shaped demand with 16,000 units in the base scenario, linearly increasing to 37,000 units over

scenarios 1 and 2, and then muted demand after that (Figure 6).
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Figure 6: Demand Data

4.3 Results

The results from the five runs for the scenarios across four years show that starting from a situation
of no backlog in the base scenario, systemic disruptions can lead to continued and significant
shortages, potentially impacting other sectors as well, even with the demand that is known by the
central planner to be flat or trending up. In scenario 1, plant shutdowns result in a rapid backlog
increase for the automotive plant. The increased demand for chips by the consumer electronics
sector has resulted in more allocation of chips and rising production to meet demand. In scenario
2, the backlog reduces as automotive production is restored. However, the growing demand for
electronics chips and allocation of chips capacity for the electronics sector creates a capacity crunch
at the chip manufacturer, resulting in the lower allocation of chips to the automotive industry.
Therefore, backlog builds again in the auto sector due to the scarcity of chips. Scenario 3 considers
changing product mix as a mitigation strategy that automotive manufacturers adopted by changing
their product mix towards high-end models with higher margins. There is a lower backlog for the
automotive sector as demand is softer and more chips are allocated for producing premium models.
However, backlog increases for the ‘other’ sector. Finally, in scenario 4, the backlog of the ‘other’
sector is reduced, and chips allocation and production of finished goods for all the three sectors are
restored with a hefty infusion of additional chips capacity in place. Figure 7 shows each scenario’s

backlog and production quantities stitched together across the timeline.
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Figure 7: Backlog and production quantities for all scenarios

5 Discussion

We sought to understand systemic disruption in supply chains by studying the auto industry’s
experience of 2020-22. First, we analyzed news reports to draw out the causes and effects of
disruptions in the auto sector following the advent of Covid-19 in 2020. Then, we created a stylized
mathematical programming model with one chip supplier and three manufacturers representing
the three sectors to see the impact of some of the identified factors. Despite the narrow set
of assumptions, known flat or up-trending demand, and a central planner seeking to maximize
supply chain profits, we see the shortages spreading within and across sectors. Thus, we get some
insight into the system behavior, which can only get more complicated if more realistic modeling

assumptions are used. Below, we discuss the implications for practice and research.

5.1 Implications for practice

At the time of writing, the systemic disruption by Covid-19 has led to additional supply chain issues
such as worker shortage in the transportation, shipping, and retail sectors (Loeb, 2021; BBC, 2021),
further contributing to within-sector and cross-sector impact. Managers have to consider a systemic
view of supply chains that goes beyond immediate upstream or downstream entities to consider

mitigation strategies such as:
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. Product prioritization: Some auto manufacturers prioritized vehicle models by allocating the
scarce chips to those vehicles where the margins are relatively higher to reduce the impact
on profits. They achieved such a product mix by moving from producing vehicles that use
low-end chips to those that use high-end chips. For example, smart EV producers like Xpeng
uses high-end artificial intelligence (AI) chipsets (Ren and Pan, 2021). In scenario 3, we saw
that product mix changes help although the demand is also lower. At the same time, other

sectors may experience a backlog.

. Stockpiling, capacity expansion, and flexibility: Capacity expansion is crucial in mitigating
the adverse impact of systemic disruptions, as we saw in scenario 4. However, the experience
of the auto sector across all the previous scenarios also suggests that we need flexible plant and
labor capacity for manufacturing. Capacity investments, backup capacity, shared capacity,
and stockpiling are more comprehensive approaches to consider (Sodhi and Tang, 2021b).

Reserve or shared capacities can also be used to counter shortages from disruptions.

. Partial assembly: Several auto manufacturers planned to build the vehicles without the com-
ponents (involving the semiconductor chips) and then complete the assembly when the parts
become available from the suppliers (Swanson, 2021); however, we did not consider this sce-
nario where the assumption is that some of the components that are only sporadically available

can be installed at the end.

. Sourcing: Auto manufacturers have followed alternative strategies for sourcing. One is near-
shoring as in the case of the US government giving chip manufacturers incentives to set up
US plants. Also, Hyundai Motor Co and Kia Corp. want to shift specific chips to South
Korean designers and localize auto chip production (Yang, 2021). Another strategy is direct
sourcing from chip suppliers to secure supplies as Volkswagen, and some other auto companies
have done (Schwartz and Steitz, 2021; Inagaki et al., 2021b). An extreme example is Tesla

considering purchasing a semiconductor plant to ensure supplies (Denton, 2021).

. Supply chain coordination and consolidation of supplier base - Our thematic analysis indicated
that lack of coordination between the auto manufacturers and their suppliers could also be
a cause of supply disruptions. Therefore, better information coordination between the auto
manufacturers and the upstream supply chain entities, and more reliable forecasting of orders
for chips can be useful. Indeed, Wolfgang Schafer, CFO of the German components group,

Continental, noted that the supply crisis “was partly caused by unreliable estimates from
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carmakers themselves” (Campbell et al., 2021). Furthermore, the Chinese state-owned car
manufacturer Changan Automobile mitigated the shortage problem by bringing Tier-1 and
Tier-2 suppliers into a single platform (Pan, 2021a). OM and SCM literature has extensively
analyzed the improvements realized from better coordination and information flows (Lee and
Whang, 1999; Fiala, 2005; Croson and Donohue, 2006). Managers, therefore, would benefit
from sharing short-term and long-term operational plans with their suppliers and vice-versa
to better respond to crises and mutually benefit. Companies can extend the capabilities of
their current systems to reduce information delays and enhance visibility (Hastig and Sodhi,

2020).

With systemic disruptions, it is unlikely that a company’s mitigation efforts would be enough.
It would have to work with the ecosystem of suppliers, competitors, and governments.

Suppliers: Suppliers can use long-term and short-term approaches to increase capacity. In
our model, the increased capacity of the chip manufacturers is represented by Scenario 4, allowing
the auto production to get back to pre-Covid level with zero backlogs. In the context of the auto
industry and chip makers, several chip manufacturers announced a capacity expansion in 2021, not
just for existing chips but with new technologies.

Suppliers can speed up their production processes in the short term, including by delaying
scheduled maintenance. In the context of this paper, chip makers tried to eke out more supply
through changes to manufacturing processes by opening up spare capacity to rivals, auditing cus-
tomer orders to prevent hoarding, and swapping over production lines (Jeong and Strumpf, 2021).

Government: Covid-19 has helped shed light on how governments could address systemic
disruptions in the future. The severe impact of the semiconductor chip shortage has led several
governments to undertake mitigation strategies to moderate the severity of the crisis. The US
government initiated a 100-day review of critical supply chains that include semiconductor chips,
medical equipment, batteries, and rare earth minerals - to reduce the dependence on foreign sup-
pliers (Gallagher, 2021; Jones and Charter, 2021; Oreskovic, 2021). In addition, the US Congress
passed an emergency funding bill to the tune of $52 billion “to boost domestic supply chain pro-
duction and lure the best of the foreign semiconductor chip manufacturers to open new advanced
manufacturing facilities in the United States” (Sanger, 2021). The US government has also co-
ordinated with the Taiwanese government and TSMC, in particular, to ensure that the US auto
manufacturers are not disrupted (Klein, 2021; Swanson, 2021).

Similarly, the EU plans to invest approximately $125 billion into reviving domestic chip produc-
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tion (Blanchard, 2021). In Asia, South Korea plans to provide subsidies to chip manufacturers to
increase domestic production. China also promoted domestic production and assistance in supply
chain coordination between the semiconductor manufacturers and the auto companies by preparing

a handbook that lists chips suppliers and demand from auto manufacturers (Qu, 2021).

5.2 Implications for Research

Although the supply chain risk literature has developed over time, that on systemic disruptions
is relatively nascent. As such, there are many research areas by way of analytical, empirical,
mathematical programming, simulation, and other research.

For empirical research, other sector-specific studies tied to Covid-19 would help generalize our
work on the auto sector. Additionally, the themes and sub-themes identified in our study can
be used in empirical research on systemic disruption to develop instruments with the proposed
sub-themes as constructs for research involving surveys.

Analytical or simulation models could expand the literature on the lack of coordination and
information delays (developed as a sub-theme in our paper) for systemic disruption. Analytical
models can compare stockpiling, reserve capacity, and shared capacity to identify the best setting
for each strategy.

The mathematical programming model we presented is stylized and can be easily expanded. De-
centralized decision-making, information delays, and lack of coordination between different supply
chain entities can further aggravate chip shortages in our model. The model can also be extended
to consider labor shortages and distribution costs of chips and finished goods® to show even more
instability and the propagation of the disruption. Recall that the disruption is propagating despite
flat or up-trending demand known to the central planner. Introducing demand variability would
exacerbate the shortages in the supply chain.

Overall, systemic disruption in supply networks is ripe for further research that would also have

important implications for practice.
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Table Al: Abbreviated references used in thematic analysis; see supplementary file for details
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