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Abstract: Firms have learned how to strengthen the resilience of their global
supply chains (SC) to confront disruptions triggered by severe disasters.
However, a new instigator of SC disruption, quite unlike any seen in recent
times, has now emerged — the COVID-19/SARS-CoV-2 virus. We model the
ripple effect of an epidemic outbreak in global SCs considering the velocity of
pandemic propagation, the duration of production, distribution and market
disruption, and a demand decline. We analyse pandemic supply risk mitigation
measures and potential recovery paths. Implications for future research and
global SC (re)-designs are also discussed.
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1 Introduction

Low-frequency-high-impact (LFHI) events pose considerable risk to supply chains (SCs)
(Ivanov et al., 2017; Kinra et al., 2019; Hosseini et al., 2019; Ivanov et al., 2019b). The
effects of such events cascade through a SC in what is termed a ‘ripple effect’ (Ivanov
et al., 2014). We consider epidemic outbreaks as a special category of a LFHI SC risk.

Businesses have taken steps to strengthen the resilience of their global SCs to risks
posed by natural or industrial LFHI events — for, e.g., Hurricane Katrina in 2005, the
earthquake and tsunami in Japan in 2011, an explosion at the BASF plant in 2016. SC
resilience has been fortified by investments in risk mitigation inventories, subcontracting
capacities, backup supply and transportation infrastructures, and data-driven, real-time
monitoring and visibility systems (Tang, 2006; Tomlin, 2006; Craighead et al., 2007;
Ivanov, 2018b; Choi et al., 2019; Xu et al., 2020; Dolgui et al., 2020). For example,
following Schmidt and Simchi-Levi (2013), Nissan has developed a SC resilience
program that encompasses SC monitoring and visibility, geographic supply di-
versification, and flexible re-allocation of demand and supply in the case of disruptions.

A pandemic generated SC disruption shares a LFHI profile with other SC risks. It
also manifests the well-recognised ‘ripple effect’ seen in LFHI event impacts (Dolgui
et al, 2018; Ivanov et al., 2019d). Reports of COVID virus caused downstream
interruption and closure of production and distribution activities in many SCs abound. As
widely reported, Apple’s assembler, Foxconn, is working below capacity. Apple’s
suppliers in Malaysia, South Korea and Europe have too been affected by government
lockdowns and a paucity of parts supplies from their own sub-suppliers. A recent survey
by ISM of about 600 US companies revealed that suppliers are operating at an average
50% capacity leading to longer final product lead times for 57% of those surveyed and a
negative revenue impact ranging between 5.6%—15% (ISM, 2020). Shorter lead times and
JIT have accelerated the ripple effect of sup-ply base disruption through SCs.

However, a pandemic has quite unique implications for SCs. In contrast to
geographically centred, singular occurrence natural/industrial disasters, a pandemic is not
limited to a particular region or confined to a particular time period. Different
components of a SC are affected sequentially or concurrently — manufacturing,
distribution centres (DCs), logistics, and markets can become paralysed within
overlapping time windows. This research note investigates and highlights some of the
unique consequences of a pandemic on a SC.
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2 Simulation study setup and analysis

In this section, we analyse the results of a simulation that examines the impact of a
pandemic on a global SC that has China located upstream facilities (technical details

available from corresponding author) (see Figure 1).

Figure 1 SC design for simulations (see online version for colours)
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Our SC network design comprises of upstream manufacturers in China, using
multi-modal transportation to ship products to DCs in Brazil, Germany, and the USA,
The average lead transportation time from China to a DC is 30 days with some variations.
The lead times from DCs to customers are about 3—7 days. DCs truck the goods to their
customers. We modelled three distinctive, but sequential, scenarios:

e Scenario I: Epidemic originates in, and is limited to China producer regions.
e  Scenario II: Epidemic propagates to DCs.
e  Scenario III: Epidemic propagates to customers — demand disrupts by 50%.

Scenarios could co-exist, or exist independently at different points in time. However, the
market disruptions happen in the same time frame as the downstream DC disruptions
caused by quarantine measures.

Propagation and ripple effect were considered in three aspects: the speed of epidemic
propagation, the resultant duration of the disruption at DC node, and the duration of the
reduced (50% drop) demand period. We examined different disruption durations and
scales of epidemic propagation. In total we investigated 39 simulation setups which
resulted as follows.

Scenario I considers three different epidemic durations and the resulting production
stops at the producers in China of 45 days, 60 days or 90 days. These numbers are based
on actual or forecasted quarantine times in China in January—March 2020.

Scenario II extends the scenario I by adding epidemic propagation to USA, Germany
and Brazil which results in 12 different simulation setups. First, we looked at two
different setups with a fast and slow epidemic propagations of 30 and 60 days,
respectively. These times are based on the actual numbers on the start of the quarantine
measures outside China. For example, if an epidemic outbreak begins in China on
15 January, we setup epidemic outbreak downstream the SC with a delay of either
30 days (i.e., begin on 15 February) or 60 days (i.e., begin on 15 March). Second, we
setup two different lengths of the disruption periods in the USA, Germany and Brazil of
45 or 90 days. These numbers are based on the actual or fore-casted durations of the
quarantine measures (e.g., in Germany the quarantine measures were introduced on
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16 March until 20 April; with a declared possibility of prolongation for another 45 days if
the epidemic outbreak will not be dampened by 20 April). An example of such a
combined setup is a disruption in China for 45 days (say from 15 January by
29 February), begin of an epidemic outbreak in Germany in 60 days after the epidemic
outbreak in China (i.e., on 15 March), and the resulting disruption duration at the DC in
Germany of 90 days (i.e., from 15 March by 15 June). In total, we have 12 different
setups considering combinations of the upstream disruption duration, propagation speed
of the epidemics downstream, and the downstream disruption duration. Finally, in
Scenario III we extended the 12 setups from the Scenario Il by adding demand disruption
of 50% in the markets in USA, Germany, and Brazil of a short or long duration of 45 or
90 days, respectively. We assume that the market disruptions occur in the same time
frame as the downstream DC disruptions. The rationale behind these setups are the
observed trends for demand and capacity decreases during the quarantine times. This
extension resulted in 24 new simulation setups. Table 1 presents selected, specimen
simulation runs. A fuller simulation is available in Ivanov (2020b).

Table 1 Results of specimen simulation runs
. Duration
Delay in
Upstream  epidemic Downstream a(l)zj; lea:i.{j’i On-time Revenue
No.  Scenario disruption outbreak  disruption (de nfan d delivery, $ " Profit, $
duration downstream  duration d b %
the SC rops oY
50%)

No 0 0 0 0 89 108,100 28,568

disruption
1 I 45 0 0 0 84 108,028 19,005
2 1 45 60 45 0 75 102,130 11,969
3 45 60 90 0 64 88,072 215
4 60 60 45 0 71 92,259 7,241
5 1 45 30 45 45 82 97,026 12,431
6 45 60 45 45 82 98,031 9,448
7 45 60 90 45 70 90,947 3,789
8 60 30 45 45 82 97,026 12,106
9 45 60 90 90 75 87,484 2,133
10 60 60 90 90 69 77,490 268
11 90 60 90 90 69 77,490 734

Expectedly, Scenario I, where the epidemic’s impact is still confined to China, sees
performance declines, stock outs, and price variability. In such conditions, the duration of
the (yet limited) disruption affects SC performance (cf. line 1, Table 1). Interesting
insights emerge in Scenario II. Now SC performance is seen to be a function of pandemic
propagation velocity and the duration of pandemic induced downstream disruption

Consider Figures 2 and 3 illustration for lines 2 and 3 in Table 1 (see
Figures 2 and 3).
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Figure 2 SC performance in Scenario II with 45 days of upstream disruption, 60 days delay in

epidemic outbreak downstream, and 45 days downstream disruption (line 2 in Table 1),
(a) production inventory dynamics (b) customer (ELT service level) performance
(c) financial performance (d) lead-time performance (see online version for colours)
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Figures 2 and 3 respectively contrast the difference in SC performance under the 60 and
90 days downstream disruption duration cases (other conditions identical) in Scenario II.
Performance improves in terms of profit, service level, and lead times, when the timing
of facility recovery at different echelons in the SC is synchronised. For example, in the
case with 45 days disruption in China, 60 days delay in epidemic propagation, and
45 days of disruption downstream, we may have a situation when China production stops
on 25 January, the DCs downstream close on 25 March, China production resumes on
10 March, and DC operations resume on 10 May. We can observe in Figure 2 that
inventory dynamics minimise backlogs to a single backlog event, allowing a quick
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recovery. The production quantities for five different products are depicted in the bar
chart of production inventory dynamics with different colours. Inventory dynamics
stabilise quickly while on-time delivery (i.e., the ELT service level) improves.
Performance thus appears to be a function of the timing of closure and opening of
upstream production and downstream DC facilities. A complete shutdown of the SC is
avoided, since there are material flows in the SC at every point in time.

Figure 3 SC performance in Scenario II with 45 days of upstream disruption, 60 days delay in
epidemic outbreak downstream, and 90 days downstream disruption (line 3 in Table 1),
(a) production inventory dynamics (b) customer (ELT service level) performance
(c) financial performance (d) lead-time performance (see online version for colours)
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On the contrary, a longer downstream disruption (90 days instead of 45 days), keeping
up-stream disruption duration and pandemic propagation speed unchanged, results in
performance deterioration. Profits dip into negative territory while inventory dynamics
remain un-stable for several months. Lead times increase and destabilise accompanied by
a decline and non-recovery of ELT service level (cf. Figure 3).

Our simulation thus suggests that as epidemics propagate, SC performance depends
on the timing (e.g., 30 or 60 days between the upstream and downstream epidemic
outbreaks) and scale of disruption propagation (i.e., the ripple effect), as well as the
sequence of facility closing and opening at different SC echelons. The disruption duration
of upstream facilities does not impact as strongly on performance.

Scenario III introduces the added uncertainty of market disruption of varying
durations in an attenuated demand situation (demand drops by 50%), against the general
backdrop of variable upstream and downstream disruption times and variable pandemic
velocity. Backorder and lost sales costs are not included in this preliminary examination.
Interestingly, the combinatorial effects of negative events, happening concurrently, may
actually improve SC performance. The best case in terms of SC performance is seen
when facility recovery at different echelons in the SC is synchronised across time (see
lines 5 and 8 in Table 1). The worst performance is seen in cases with extended DC
facility and demand disruption durations, irrespective of the disruption period in the
upstream China-based production (see lines 10 and 11 in Table 1).

3 Insights and future research areas

3.1 Potential remedies

We note that epidemic outbreaks have multiple, intersecting, interactive impacts on a SC.
Traditional SC risk resilience practices of holding risk mitigation inventory for some
weeks of a possible disruption or having subcontracting facilities, might need
adaptations. Proactive measures such as inventory hoarding can help only at the
beginning of an epidemic due to potential for very long disruption times. Similarly,
backup suppliers and subcontracting facilities would be simultaneously or gradually
impacted by regional, national or continental lock-downs and quarantines. As such, our
sentiment is that the focus of SC resilience management while considering epidemic
outbreaks should rather shift towards situational responses to real-time changes, rather
than building proactive redundancies. For instance, our preliminary simulation of the
impact of an epidemic on a SC suggests a SC performance collapse in certain conditions.
As the simulation suggests, one way to avoid such SC wise paralysis is to time the
closing and opening of the facilities at different SC echelons, inasmuch as possible.

At the same time, the importance of proactive management does not disappear. A
difficult, but increasingly important proactive task is that of accurately mapping product
SCs beyond the first or second supply tiers (Ivanov, 2017, 2018a, 2019; Ivanov and
Rozhkov, 2017). Here, the focus would be shifted towards creating a flexible redundancy
which would make the SC networks less sensitive to external uncertainties (Pavlov et al.,
2019a, 2019b). A conceptual step in this direction is the low-certainty-need (LCN) SC
framework (Ivanov and Dolgui, 2019). Rapid global crisis detection and response
systems for capacity, inventory and freight, would be a part of such arrangements, as
would related risk mitigation plans, and product designs that incorporate component
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switching options. Associated proactive plans may see an increase in the use of robotics
and automated production and distribution systems — robots do not catch a virus, and do
not have mortgages to pay when they are furloughed or laid off. Proactive plans,
however, often are not eventually implemented for reasons of cost and inertia (once the
crisis retreats).

3.2 Future research avenues on epidemic impact prediction and operating at
the pandemic times

Literature on analysing the impacts of epidemic outbreaks on the commercial SCs is
scarce. Opportunity exists to develop substantial contributions in this domain. The
literature on humanitarian logistics, e.g., Lee et al. (2009), Koyuncu and Erol (2010),
Dasaklis et al. (2012), Green (2012), Mamani et al. (2013), Altay and Pal (2014), Altay
et al. (2018), Anparasan and Lejeune (2018), Dubey et al. (2019), Esra Biiyiiktahtakin
et al. (2018) and Farahani et al. (2020) may provide useful pointers. Another path is to
carefully observe behaviours and changes in selected SCs during COVID-19 times for
developing empirically-grounded analytics studies. To wit, SCs of vital items in an
epidemic such as medical equipment like ventilators and medical consumables such as
masks, gloves, hand sanitizers and drugs.

Issues of research interest could include: operational scoping of the extended impact
of an epidemic originating in a lead SC entity location, on both upstream and downstream
constituents; estimating business impact; inflection points in the speed and magnitude of
disruption propagation; estimated of time (and cost) to recovery; identifying
non-traditional response measures; and examining the appropriateness of traditional and
non-traditional risk resilience measures, in varying disruption conditions.

Future research can also direct the discussion towards intersecting SCs which are
intertwined and characterised by changing roles of companies within the network (e.g.,
one company can be a supplier in one SC, and a customer in another SC). Such types of
networks add specific features to the resilience research. One useful concept could be
multi-structural SC analysis (Ivanov et al., 2010, 2018b). Research on developing and
querying Al and data driven SC digital twins can be furthered (e.g., Ivanov and Dolgui,
2020a).

3.3 Thinking ahead when the crisis ends: future research avenues on recovery
after the pandemic and long-term SC re-designs

Finally, we look beyond the time of crisis and offer some sentiments on the recovery of
SCs after the quarantine times. The simulations described in this paper have been done
early March 2020 when the companies have dealt with predicting the COVID-19 impacts
on the global SCs and performance. End of March, most of our assumptions and results
have been con-firmed. Quarantines have been introduced worldwide affecting the
downstream SC echelons and dropping the market demand with assumed delays between
30-60 days after the epidemic outbreak in China. Supply and demand have been
drastically disrupted. Profits of man SCs dropped and the operations have been disrupted.
Estimates of recovery time vary greatly (McKinsey, 2020).
The next step towards recovery may focus on questions such as:
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e when to re-open facilities considering different quarantine times in different
countries and even different states within the same country

e what is the best scale and timing to ramp-up OEM operations
e impact of quarantine lengths on recovery, short- and long-term performance.

Recovery is one of the major stages in SC resilience management (Sheffi and Rice, 2005;
Blackhurst et al., 2011; Hosseini et al., 2019). In general, literature on recovery is rather
scarce as compared to the state-of-the art on other SC resilience management stages, such
as mitigation policies or resilient SC design. A recent review of SC recovery literature
can be found in Ivanov et al. (2017). However, the topic of recovery after epidemic
outbreaks has not been studied so far. The COVID-19 example clearly shows that the
epidemic outbreaks represent a very specific and new setting for research in SC recovery.
Moreover, the situation of partial or even full shut down of whole industry sectors and
regions has never been considered. The analysis of post-disruption recovery has never
been done for this unique set of components (Ivanov, 2020a; Ivanov et al., 2019a, 2019c¢).
We consider it as opportunity to make substantial contributions. Such research can help
companies to answer some urgent and survival-related questions, e.g.,

e Which suppliers should be re-opened and when to resume operation of OEM?

e  Should we expedite the operation resuming at a particular supplier and at what time
scale?

e  What is the optimal scale of ramping-up given the forecasts of supplier and market
re-openings?

Moreover, SCs in real life do not operate autonomously, but span and interconnect within
and even across the business sectors. As noted by Vincenzo Boccia, the president of
Confindustria in Italy on 23 March 2020 (Agi, 2020), it is very difficult to overcome the
epidemic crisis and determine the most essential SCs to ensure survivability since
“suppliers in the automotive sec-tor are at the same time producers of valves for
respirators.” The study by Ivanov and Dolgui (2020b) introduced in this regard two new
concepts — the intertwined supply network (ISN) and viability. An ISN is an entirety of
interconnected SCs which, integrate and secure society and markets with goods and
services. The firms in ISNs may exhibit multiple behaviours by changing the
buyer-supplier roles in interconnected or even competing SCs. The analysis of
survivability at the level of ISN requires a consideration at a more expanded and complex
scale relative to the resilience of individual SCs. ISNs as a whole provide services to
society (e.g., food service, mobility service or communication service) that are necessary
to long-term survival. The resilience and viability of ISNs has not received much
attention in literature so far. The COVID-19 outbreak shows that in the case of
extraordinary events, SC resistance to disruptions needs to be evaluated as an issue of
civic and industrial survival, and not just SC profit or lead time performance. The
example of Coronavirus COVID-19 outbreak clearly shows the necessity of this new
perspective where substantial contributions can be done in future.

Undoubtedly, the COVID-19 crisis raises questions about the continued functioning
of global SCs and possible future SC re-designs. We believe that this is not the end of
global SCs. Every crisis ends, and once the situation normalises, global SCs would
continue to offer a degree of efficiency and effectiveness that cannot be matched by



Coronavirus (COVID-19/SARS-CoV-2) and supply chain resilience 99

domestic or regionally limited SCs. However, recent discussions with many SC managers
point to localisation as a possible central topic of SC re-designs in two aspects:

e semi-active local supply base and markets
e  offline local supply base and markets.

In the semi-active localisation, the major idea is to incorporate local suppliers and
markets in the SCs in all daily business activities at some low or medium rate, e.g.,
10-20% of the total supply and sales volume. In the case of a global crisis, such
structures can be quickly scaled to 70-80% which would be beneficial both for suppliers,
and OEMs, and markets.

The option of offline local supply base and markets does not presume any daily
business activities with local suppliers and markets. However, the firms may consider
maintaining in their planning systems ‘virtual’ local supply and demand structures for the
cases of global crises. This would help to quickly re-design the SCs in the disruption
case.

In both options above, the issues of capacity flexibility and product diversification
should be considered. For example, a flexible capacity could allow to quickly change the
manufacturing technology to produce the goods which are in demand in the markets that
remain available.
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