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a b s t r a c t

The analysis of specific economic indexes suggests that the economic damage from
the 2020 COVID-19 crisis (coronavirus pandemic, apparently first spread from Wuhan,
China) may exceed that of the 2008 global financial crisis dating to around September
15, 2008. Thus, by comparing the first four months after these crises, the purpose of
this study is to estimate the economic damage of the supply-chain disruptions (i.e.,
the supply constraints) in the mining and manufacturing (M&M) sectors. Employing the
supply-driven input–output (IO) model for the world (35 countries in 56 sectors), the
results show that the supply-chain damage from COVID-19 is 1.248%, when compared to
the annual gross domestic production (GDP), in the overall sectors, 4.443% in the M&M
sectors, and 0.362% in other sectors, which are approximately 1.4 times the figures from
the 2008 crisis.

© 2021 Economic Society of Australia, Queensland. Published by Elsevier B.V. This is an
open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

1. Introduction

On January 9, 2020, the World Health Organization (W.H.O.) (2020a) stated that pneumonia clusters had occurred in
uhan, China, in December 2019 (Wang et al., 2020; Wu et al., 2020). The COVID-19 crisis (coronavirus pandemic) has

equired people across the world to avoid close contact and crowded places in the name of ‘‘social distancing’’. The virus
as changed daily life all over the world and has dramatically restricted economic activity. As of December 2020, certain
conomic indexes (e.g., gross domestic product [GDP] and S&P 500 as in Supplementary Information [SI] Figure S1) show
hat the economic damage from COVID-19 may meet or exceed that of the 2008 global financial crisis, which was set
ff almost immediately by the bankruptcy of Lehman Brothers on September 15, 2008. Indeed, the major central banks
ave already provided massive amounts of financial assistance for economies wracked by COVID-19 at historical amounts
e.g., Reserve Board in the U.S., the European Central Bank, the Bank of Japan, and the supplementary budget in Japan).

Some previous studies (mainly the Nature Research journals) have examined the economic damage from COVID-19
e.g., Block et al., 2020; Cheng et al., 2020; Naidoo and Fisher, 2020). In particular, You et al. (2020) and Guan et al. (2020)
ave examined the economic effects of the lockdown policies by using, for the most part, an input–output (IO) analysis
IOA) based on the standard Leontief quantity model (LQM). You et al., (2020, p. 10) pegged the monthly total economic
osses at 177 billion yuan, which is about 11.06% of Wuhan’s annual GDP in 2019. Meanwhile, Guan et al. (2020, p. 578,
ig. 1) examined that the global GDP (i.e., value-added) will fall 3.5% to 11.7% due to the strict lockdown of China only, by
2.6% to 30.7% due to that of Europe and U.S., and by 26.8% to 40.3% due to the strict lockdown of the world in general.
In particular, the COVID-19 crisis proved that the current global value chain is vulnerable to the global shock. Regarding

uch issues of the supply chain disruptions, the previous studies mentioned above examined various lockdown policies,
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he values before the crisis as of 2007 and 2014 (million USD at a nominal price).

2007 (for the 2008 financial crisis) 2014 (for COVID-19)

Total M&M Other Total M&M Other

Annual values from
WIOD

Total production (x) 113,719,038
(100%)

36,694,363
(32.3%)

77,024,675
(67.7%)

160,997,198
(100%)

55,679,550
(34.6%)

105,317,648
(65.4%)

GDP (value added, v) 55,937,885
(100%)

11,866,685
(21.2%)

44,071,200
(78.8%)

75,447,227
(100%)

16,372,021
(21.7%)

59,075,206
(78.3%)

Each-month
estimation (this
study)

Social surplus before
the crisis (SSbefore)

10,062,352
(100%)

3,045,081
(30.3%)

7,017,272
(69.7%)

12,908,093
(100%)

4,180,929
(32.4%)

8,727,164
(67.6%)

Consumer surplus
before the crisis
(CSbefore)

5,324,059
(100%)

1,516,149
(28.5%)

3,807,910
(71.5%)

6,825,894
(100%)

2,085,445
(30.6%)

4,740,449
(69.4%)

Producer surplus
before the crisis
(PSbefore)

4,738,293
(100%)

1,528,932
(32.3%)

3,209,361
(67.7%)

6,082,198
(100%)

2,095,484
(34.5%)

3,986,714
(65.5%)

Notes: This table shows values before the crisis as of 2007 and 2014 (million USD at a nominal price), as preliminary data. This study uses data in
2007 (as in the previous year) for the 2008 crisis and 2014 (the latest data) for the COVID-19 crisis. In the upper section, total production (x) and
DP (v) are obtained from WIOD (Timmer et al., 2015, 2016). In the lower part, this study estimates social surplus (SS), consumer surplus (CS), and
roducer surplus (PS) in the initial month before the crisis.

ut they did not thoroughly investigate in particular the countries and sectors most hit by the global crises, including
OVID-19. If this can be examined, it would provide a crucial guide for implementing funding policies worldwide. This
nformation could tell us what sectors should be prioritized in case of global crises.

Based on this background, the purpose of this study is to estimate the economic damage from the supply chain
isruptions (i.e., the supply constraints) in the industrial (i.e., mining and manufacturing [M&M]) sectors while comparing
he COVID-19 crisis with that of the 2008 crisis. Several points are in order. First, this study compares the COVID-19 crisis,
rom January to April 2020, and the 2008 financial crisis, from September to December of that year, for four months
ecause these crises are thought to have involved similar levels of economic damage.
Second, this study uses the supply-driven IO model developed by Yagi et al. (2020) based on the Leontief price model

LPM) of IOA using an exogenous price elasticity of demand. The reason LPM is used is that the most popular LQM cannot
ypically analyze supply constraints because it is a demand-driven model (Dietzenbacher, 1997; Park, 2007). The model
or this study runs monthly, and it requires the production capacity rate (θ ) as a survival rate for production (Steenge
nd Bočkarjova, 2007). It first calculates an increase in the equilibrium price (∆p) and assumes only supply curve shifts.
t then estimates the loss of social surplus (SS; ∆ss) as the market damage in a specific sector. In addition, this study uses
n annual-sectoral-GDP (i.e., sectoral value-added) ratio for the SS loss so that a relative value reveals the extent of the
amage from the crisis (SI Figure S2).
This study examines the economic losses not only in China but also in the world in general by using the World

O Database (WIOD) (Timmer et al., 2015, 2016) (see Table 1 for the data summary). WIOD tables originally cover 44
ountries, including the rest of the world (RoW), from 2000 to 2014, and this study uses 35 countries/regions, merging
ine non-available countries into the RoW. The model for this study adopts an estimated decrease in the production
apacity rate (θ ) only in the 20 M&M sectors to examine just the supply-chain damage (SI Figure S3).
This paper is structured as follows. Section 2 explains the COVID-19 studies and discusses the existing input–output

nalysis (IOA) and Yagi et al. (2020). Section 3 explains the model for this study. Section 4 describes the applicable data.
ection 5 conducts IOA with discussion. Section 6 concludes the paper.

. Background

.1. COVID-19 and 2008 financial crisis

On January 9, 2020, the World Health Organization (W.H.O.) (2020a) stated that pneumonia clusters had occurred in
uhan, China, in December 2019 (Wang et al., 2020; Wu et al., 2020). The COVID-19 crisis (coronavirus pandemic) has

aused 16,114,449 cases and 646,641 deaths globally as of July 27, 2020 (World Health Organization (W.H.O.), 2020b). The
risis has required people across the world to avoid close contact and crowded places in the name of ‘‘social distancing’’.
he virus has changed daily life all over the world and has dramatically restricted economic activity. As of December

020, certain economic indexes show that the economic damage from COVID-19 may meet or exceed that of the 2008
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lobal financial crisis, which was set off almost immediately by the bankruptcy of Lehman Brothers on September 15,
008. Regarding quarterly gross domestic product (GDP) growth (compared to the same period in the previous year)
rom OECD data (SI Table S1, as of December 19, 2020), the rates in the G-7 countries were –0.2% and –2.8% in 2008 Q3
nd Q4 and –1.3% and –11.9% in 2020 Q1 and Q2. By contrast, the 27 EU countries were +0.4% and –2.0% in 2008 Q3 and
4 and –2.6% and –13.9% in 2020 Q1 and Q2. (Note that economic conditions worsened in 2009 Q1 [–5.0% for G-7 and
5.4% for EU27] but somewhat improved in 2020 Q3 [–4.2% for G-7 and EU27]). In addition, the stock market indexes
ere down until approximately the third month after the crisis. For example, the S&P 500 in the U.S., during a six-month
eriod (SI Figure S1), peaked at 1305.3 on August 11, 2008, and bottomed at 752.4 on November 20, 2008 (the maximum
rop rate was 42%). For comparison, the S&P 500 peaked at 3386.2 on February 19, 2020, and bottomed out at 2237.4 on
arch 23, 2020 (the maximum drop rate was 34%).
Indeed, the major central banks have already provided massive amounts of financial assistance for economies wracked

y COVID-19 at historical amounts. For example, the Federal Reserve Board in the U.S. decided to provide up to 2.3 trillion
.S. dollars (USD) in loans to support the economy (as of April 9, 2020) (Board of Governors of the Federal Reserve System,
020). In the EU, the European Central Bank (2020) made several crucial monetary policy decisions, including providing
,350 billion Euros for its pandemic emergency purchase program (as of June 4, 2020). In Japan, special funds to supply
perations and facilitate financing in response to the COVID-19 crisis were provided by the Bank of Japan (2020) in the
mount of approximately 35 trillion Japanese yen as of August 26, 2020. In addition, due to COVID-19, government budgets
cross the world reached historic highs. For example, in Japan, the supplementary budget for fiscal year 2020 was raised
y 76.8 trillion yen in total (i.e., the first one was 25.7 trillion yen on April 7, 2020, the second one was 31.9 trillion yen on
ay 27, 2020, and the third one was 19.2 trillion yen on December 15, 2020), which is the total highest ever, exceeding
ven the level for 2009, which of course was right after the 2008 crisis (Ministry of Finance, Japan, 2020).
Some previous studies (mainly the Nature Research journals) have examined the economic damage from COVID-19.

aidoo and Fisher (2020) have argued that we should rethink the United Nations’ sustainable development goals, adopted
n September 2015, because the COVID-19 crisis will stagnate the global economy for the foreseeable future, and these
oals have quickly become unrealistic. Looking at government policy for COVID-19 (e.g., in terms of the CoronaNet v1.0
atabase by Cheng et al. (2020)), a primary focus in terms of economic policy has been the lockdown policies (e.g., Block
t al., 2020), who have examined the social-distancing strategies for the post-lockdown world). In particular, You et al.
2020) and Guan et al. (2020) have examined the economic effects of the lockdown policies by using, for the most part,
n input–output (IO) analysis (IOA) based on the standard Leontief quantity model (LQM). You et al. (2020) estimated the
ost of the first month for a locked-down city, e.g., Wuhan, China, using three approaches: the SIR model, a health-burden
ssessment, and the IO model. Considering the residents’ physical and mental health, as well as the direct and indirect
conomic losses, they pegged the monthly total economic losses at 177 billion yuan, which is about 11.06% of Wuhan’s
nnual GDP in 2019. Meanwhile, Guan et al. (2020) examined the supply-chain effects of idealized lockdown scenarios,
sing the latest framework for global trade modeling. Their scenario considered the lockdown scenarios for three regions
China only, Europe and the U.S., and the globe) at different levels of severity (20%, 40%, 60%, and 80%) for several months
two, four, and six months). The main results (Guan et al., 2020, p. 578, Fig. 1) show that the global GDP (i.e., value-added)
ill fall 3.5% to 11.7% due to the strict lockdown of China only, by 12.6% to 30.7% due to that of Europe and U.S., and by
6.8% to 40.3% due to the strict lockdown of the world in general. Note that their estimated damage is almost equal to in
etween the upstream and downstream sectors (i.e., between sellers and buyers) given the model assumption.
In particular, the COVID-19 crisis proved that the current global value chain is vulnerable to the global shock. The

ational Association of Manufacturers (2020) in the U.S. surveyed the 558 respondents about the impact of the COVID-
9 crisis from February to March 2020, showing that 78.3% anticipated a financial impact; 53.1% anticipate a change in
perations; and 35.5% facing supply chain disruptions. United Nations Conference on Trade and Development (2020a,b)
urveyed that 61% of the focal top 100 multinational enterprises had issued a correction to reduce earnings and analyzed
hat the COVID-19 crisis could cut global foreign direct investment by 30%–40% (as of March 26, 2020). Regarding such
ssues of the supply chain disruptions, the previous studies mentioned above examined various lockdown policies, but they
id not thoroughly investigate in particular the countries and sectors most hit by the global crises, including COVID-19.
f this can be examined, it would provide a crucial guide for implementing funding policies worldwide. This information
ould tell us what sectors should be prioritized in case of global crises.

.2. LQM-based demand-reduction models

Certain economic methods are used to examine the impacts of disasters and pandemics, such as econometrics,
omputable general equilibrium (CGE) analysis, and IOA. Among these, IOA has been widely used in the analysis of natural
isasters (to view a discussion, see Yagi et al., 2020). The CGE model is considered one of the ideal models, because it can
dentify all economic activities in a theoretically consistent way. However, IOA also has some merits. For example, the
ommon IOA is easily solved (e.g., by Excel spreadsheet), requiring a common IO table. Additionally, it is not necessary
o model the behaviors of the economic agents.

Four basic IO models have been presented in the IOA literature (Davar, 1989; Oosterhaven, 1989). LQM, the most
opular model, and the Ghosh price model (GPM) are demand-driven models, while LPM and the Ghosh quantity model
GQM) are supply-driven models. Among these, GQM is considered implausible (Oosterhaven, 1988). In terms of economic
516
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nterpretation, LQM is converted into GPM when the price is fixed, whereas LPM is converted into GQM when the quantity
s fixed (Dietzenbacher, 1997; Park, 2007; Yagi et al., 2020).

In the IOA literature, almost all models that analyze supply constraints (e.g., due to a disaster or a pandemic) are LQM-
ased demand-reduction models, including the inoperability IO model (e.g., Haimes and Jiang, 2001; Santos, 2006) and
he above-referenced COVID-19 analyses (Guan et al., 2020; You et al., 2020) (for a theoretical explanation, see Koks and
hissen, 2016; Okuyama and Santos, 2014; Li et al., 2013). However, the LQM-based demand-reduction model is regarded
s suspicious in terms of usability because it is based on LQM. Following Oosterhaven (2017, p. 456, Eqs. (3)–(5)), this
tudy briefly explains why the LQM-based models are not suitable for supply constraints.
To facilitate comprehension through comparison, this study follows the explanation in Oosterhaven (1996) and Yagi

t al. (2020). LQM is expressed as follows:

x = Ax + y = (I − A)−1 y = Ly ⇐⇒ ∆x = (I − A)−1 ∆y = L∆y (1)

here x is the I-vector total output (or input) per sector; y is the I-vector final demand (or output) per sector; A is the
×I-matrix with fixed intermediate input coefficients (or technical input coefficients); and L is the Leontief inverse (or
nput inverse). L is also referred to as the ‘‘backward linkage’’, representing how changes in demand affect production in
pstream sectors. Meanwhile, GQM is expressed as follows:

x′
= x′B + v′

= v′ (I − B)−1
= v′G ⇐⇒ ∆x′

= ∆v′ (I − B)−1
= ∆v′G (2)

here v is the I-vector of primary inputs (value added); B is the I×I-matrix, with fixed intermediate output coefficients
or technical output coefficients) where A = x̂Bx̂−1; and G is the Ghosh inverse (or output inverse). G is also referred to
s the ‘‘forward linkage’’, representing how changes in production affect demand in downstream sectors. As a standard
nterpretation, however, GQM is considered implausible (Oosterhaven, 1988) because GQM converts the additional
rimary input (∆v) into final demand (y) in a perfectly elastic way, which means that ‘‘consumers will buy whatever
s supplied to them’’ (Oosterhaven, 2012, p. 106).

LQM (Eq. (1)) treats the loss of final demand (∆y) as an exogenous factor (i.e., independent) rather than an endogenous
actor attributable to production (i.e., the supply constraint). Therefore, the LQM-based models add some normalization
or ∆y, usually with lagged output level to generate a relative loss of production (i.e., ‘‘inoperability’’). Here, put simply,
e multiply x̂−1 (i.e., normalized production without the lag information) in LQM (Eq. (1)). It is helpful to recall that
= x̂Bx̂−1.

x̂−1∆x = x̂−1A∆x + x̂−1∆y = x̂−1x̂Bx̂−1∆x + x̂−1∆y = Bx̂−1∆x + x̂−1∆y = (I − B)−1 x̂−1∆y = Gx̂−1∆y (3)

q. (3) means that the relative loss of final demand (x̂−1∆y) decreases production (x̂−1∆x) through the (forward) linkage
G). Note that Eq. (3) is also considered as GPM (see Yagi et al., 2020).

As was the case in Oosterhaven (2017), in summary, Eq. (3) has two issues. First, it is theoretically unorthodox that
he forward linkage ((I − B)−1

= G) is used to analyze the relative loss of final demand (x̂−1∆y). If so, instead of G, we
hould use the backward linkage ((I − A)−1

= L).
Second, Eq. (3) will overestimate the loss of demand (x̂−1∆y). Eq. (3) means that production (x̂−1∆x) and final demand

x̂−1∆y) increase and decrease in much the same way through G. For example, in an extreme case, if production (x̂−1∆x)
s reduced to 50%, final demand (x̂−1∆y) should be reduced to approximately 50% (or a similar value) through G. This is
rue for almost all of the LQM-based models, including You et al. (2020) and Guan et al. (2020), as is the case above.

This situation is not realistic, however, if the price is sufficiently elastic relative to the quantity in the market. More
uccinctly, even if supply quantity or production (x̂−1∆x) is constrained to 50%, if price increases to 200%, sales remains
t 100% (therefore, final demand (x̂−1∆y) should remain at 100% or a similar value). Fig. 1 shows the demand and supply
odel with the supply constraint (from Yagi et al., 2020, Fig. 2). Suppose that, given the fixed demand curve (D), the supply
urve shifts from S0 to S1 following the shock. In this case, the quantity will be constrained from Q0 to Q1, and the price
will be increased from P0 to P1. Thus, the production value after the constraint (Q1times P1) is not always smaller than
he production value before the constraint (Q0 times P0). In summary, in the current interpretation, LQM-based models
an be used for supply constraints (inoperability), but they are quite difficult to interpret (Eq. (3)).

.3. LPM in Yagi et al. (2020)

Recently, Yagi et al. (2020) examined supply constraints attributable to the earthquakes in Japan using LPM, with the
xogenous price elasticity of demand. The model runs monthly, and it requires the production capacity rate (θ ) as a
urvival rate for production (Steenge and Bočkarjova, 2007). It first calculates an increase in the equilibrium price (∆p)
nd assumes only supply curve shifts. It then estimates the loss of social surplus (SS; ∆ss) as the market damage in a
pecific sector.
The approach in Yagi et al. (2020) has essentially the same characteristics as basic IOAs. Here, we should discuss several

isadvantages to deepen our understanding of Yagi et al. (2020). First, Yagi et al. (2020) do not consider inventory because
f their use of a basic LPM. If there is sufficient inventory, it can still be supplied, even under supply constraints. However,
nventory is costly. Therefore, this study assumes that few sectors would have expected catastrophes such as COVID-19

nd the 2008 financial crisis.

517



M. Yagi and S. Managi Economic Analysis and Policy 69 (2021) 514–528

t
t

i
m
1
e
a
i
o

v
n
t
s
H

s
u
o

3

3

p

i

Fig. 1. Demand and supply model with the supply constraint. Notes: This figure shows the demand and supply model with the supply constraint
(from Yagi et al., 2020, Fig. 2). Suppose that, given the fixed demand curve (D), the supply curve shifts after the shock from S0 to S1 . In this case,
he quantity will be constrained from Q0 to Q1 , and the price will be increased from P0 to P1 . Therefore, the SS will be reduced from triangle OAE0
o OAE1 .

Second, the basic IOA uses aggregated macro-level data. Yagi et al. (2020) use an IO table and monthly data of indices of
ndustrial production (IIP) derived from various sources. However, the aggregated macro data has several issues. One of the
ore important issues is that it lacks micro-foundations (Barney and Felin, 2013), as argued by the Lucas critique (Lucas,
976), which means that parameters in the macro-econometric models are susceptible to economic policies. Therefore,
conomic policy does not always work in accordance with the result obtained by IOA. Additionally, Yagi et al. (2020)
ssume that price and quantity are perfectly elastic, depending on the exogenous price elasticity of demand. As discussed
n extant studies in the field of industrial organization, however, price and quantity may be not perfectly elastic, depending
n market conditions.
Finally, data reliability (or data validity) is a key issue in macroeconomic statistics. Usually, we cannot know the true

alue of economic conditions and can only collect observational data from macroeconomics statistics. Thus, the greater the
umber of sources, the less reliable the research data. Meanwhile, the statistical data are sometimes revised. Therefore,
he earlier the data is released, the more timely and the less reliable it is. In particular, this study uses monthly IIP data
panning several months, obtained from various governmental offices (websites), to examine global supply constraints.
owever, this data collection method may increase the bias of estimation.
Despite these various problems, LPM with exogenous price elasticity is currently one of the best methods to analyze

upply constraints, because the use of LPM is theoretically consistent. Unlike GQM, LPM itself is plausible. Additionally,
nlike LQM (Eq. (3)), demand does not decrease excessively, because quantity and price are elastic in concert with each
ther.

. Methods

.1. Supply-driven IO model

The model for this study follows Yagi et al. (2020). LPM is expressed as follows:

p′
= p′A + p′

vC (4)

is an I-vector of the index price [pi] for sectoral output (the unit cost for purchasers). pv is an N-vector [pvn] of the
index price for primary inputs (or value-added) where the brackets represent a vector or matrix. p and pv are usually a
unit vector (i.e., one) (the lengths I and N are different). C is N×I matrix of the fixed primary input coefficients, where V
s the N×I matrix of the primary inputs (value-added, [vni]). N means the number of categories in the value-added.

V = Cx̂ ⇐⇒ C = Vx̂−1 (5)

where the hat (of x) means a diagonal matrix. LPM is solved:

p′
= p′

vC (I − A)−1
= p′

vCL (6)

where A is I×I-matrix with the fixed intermediate input coefficients (
[
aij

]
), which is the product of a technical IO

coefficient and the IO trade coefficient in a multi-regional IO model (Oosterhaven and Hewings, 2014). The sum of the
weights regarding A and C is equal to one (i′A + i′C = i′).
518
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Here, as an implicit assumption for IOA (Park, 2007; Yagi et al., 2020), when a product is added, a certain amount of
value-added should be newly required. The ratio of the newly required value-added over the total input is defined as c,
hich is an I-vector and, indeed, the absolute price of the primary inputs.

c = p′

vC = i′Vx̂−1
= v′x̂−1

⇐⇒ ∆c = ∆
(
p′

vC
)

= ∆
(
i′Vx̂−1)

= ∆
(
v′x̂−1) (7)

∆
(
v′x̂−1

)
means either or both x and v change. The newly required value-added is expressed as follows:

∆v′
= ∆v′x̂−1x̂ = (∆c) x̂ = c∆̂x = ∆x′ĉ (8)

Here, it is assumed that (∆c) x̂ is equal to c∆̂x, meaning that a specific change in c is passed only onto the change in
production. Eq. (8) can be solved by multiplying x′ and c (both I-vectors) in an element-wise way. By multiplying x̂−1 in
Eq. (8):

∆
(
p′

vC
)

= ∆c = (∆c) x̂x̂−1
= c∆̂xx̂−1

= ∆x′x̂−1ĉ = ∆p′ĉ (9)

Notice that ∆x′x̂−1 is ∆p′, given that the quantity is fixed (because of LPM). This implies that a particular change in the
primary input price (∆

(
p′
vC

)
) should be transferred from the change in the total input price (∆p′) via ĉ.

The model of this study has the following four steps. Step (1) The input quantity is exogenously constrained in specific
sectors. The price elasticity of demand (ε) in sector i is exogenously defined as follows:

εi =
∆qi/qi
∆pi/pi

(10)

is the arc elasticity here. Let the base price (pi) be one, and the base quantity (qi) be equal to xi (=piqi). The change in
price is expressed as follows:

∆pi =
∆qi/qi
εi/pi

=
∆qi
qiεi

(11)

ote that, instead of the quantity ratio, the survival coefficient θi may be used here (Steenge and Bočkarjova, 2007):
qi + ∆qi

qi
= θi ⇐⇒

∆qi
qi

= θi − 1 (12)

Step (2) Using step 1 and the exogenous price elasticity of demand, the price of primary inputs (∆pv) changes
(increases) from Eq. (9):

∆
(
p′

vC
)

= ∆p′ĉ =

[
∆qi
qiεi

]′

ĉ =

[
θi − 1

εi

]′

ĉ (13)

tep (3) The spillover effect of ∆pv increases the output price (∆p̃):

∆p̃′
= ∆

(
p′

vC
)
L = ∆p′ĉL =

[
∆qi
qiεi

]′

ĉL =

[
θi − 1

εi

]′

ĉL (14)

tep (4) Based on step 3 and ε, the spillover change in output quantity (∆q̃) is estimated:

∆q̃i = εi∆p̃ixi (15)

.2. The social surplus loss as a damage index

This study uses the SS loss as a damage index (Yagi et al., 2020). Fig. 1 shows the assumptions used to calculate the
S loss, where the demand (D) and supply (S) curves are linear and go through A and O, respectively. Before the crisis,
he price (P0) is one, and the quantity (Q0) equals x. The demand curve (D) is supposed to be fixed where the price slope
s 1

xiεi
and an intercept is

(
1 −

1
εi

)
from Eq. (11), as below:

∆pi =
∆qi/qi
εi/pi

=
∆qi
qiεi

=
1
xiεi

· ∆qi (16)

n this case, SS (ssbeforei ) before the supply constraint (in sector i) is ∆AOE0, where CS (csbeforei ) is ∆AP0E0, and PS (psbeforei )
s ∆OP0E0.

After the crisis and given the fixed D, suppose that the supply curve (S) changes from S0 to S1 where the price changes
rom P0 to P1, and the quantity changes from Q0 to Q1. SS after the supply constraint (ssafteri ) is ∆AOE1, where CS (csafteri )
s ∆AP1E1, and PS (psafteri ) is ∆OP1E1. Thus, the losses for SS (∆ssi), CS (∆csi), and PS (∆psi) are derived as follows (for the
erivation of these equations, see Yagi et al. (2020)):

∆ssi = ssbeforei − ssafteri = −εi∆p̃i ·
(

−
xi

+
xi

)
= −εi∆p̃i · ss

before
i (17)
2εi 2
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∆csi = csbeforei − csafteri =
∆p̃i

(
2 + εi∆p̃i

)
2

· xi (18)

∆psi = psbeforei − psafteri = −
∆p̃i

(
1 + εi + εi∆p̃i

)
2

· xi (19)

In addition, this study uses an annual sectoral-GDP (i.e., sectoral value-added) ratio for the SS loss (SI Figure S2) because
the relative value reveals the extent of damage from the crisis.

Annual Sectoral-GDP Ratiot (Cumulative for tperiods) =

∑
t
∑

i (∆ssit)∑
i (12vi)

(20)

he ‘‘12v’’ means the annual GDP values because of multiplying twelve and v (GDP, value-added). t means months after
crisis. Eq. (20) summarizes ∆ssit cumulatively for t periods from the first period.
Note that Yagi et al. (2020) used an initial month-production ratio for the SS loss (SI Figure S2). The damage was 105.9%

ntil the 12th month (i.e., a 1.059 initial month-production) for the most massive earthquake in Hyogo, Japan (1995), and
51.5% (i.e., a 2.515 month-production) until the 37th month for the five focal prefectures in the 2011 Great East Japan
arthquake. This study uses the annual GDP ratio here, however, because it compares the previous studies (Guan et al.,
020; You et al., 2020). See the SI Excel file for the initial month-production ratio for the SS loss.

. Data

.1. World IO database

This study uses 2007 data (as the right-before year) for the 2008 crisis and 2014 data (i.e., the last available
ear) for the COVID-19 crisis from the WIOD (www.wiod.org), based on the version of November 2016 release at a
ominal price (i.e., USD) (Timmer et al., 2015, 2016). The original files are ‘‘WIOT2007_Nov16_ROW.xlsb’’ for 2007 and
‘WIOT2014_Nov16_ROW.xlsb’’ for 2014. WIOD originally covers 44 countries/regions (including one for the rest of the
orld [RoW]) from 2000 to 2014. This study uses 35 countries/regions, merging nine countries/regions (i.e., #1, 7, 9, 19,
1, 22, 28, 31, and 36, for which this study cannot access the IIP data) into RoW as the new #99 (Table 2. Because of the
onthly model, this study divides the original WIOD by 12 (months). WIOD contains 56 sectors (20 M&M sectors [#4 to
23] and the 36 other sectors [#1 to #3 and #24 to #56]), which range from A01 to U based on the 2-digit International
tandard Industrial Classification of All Economic Activities [ISIC]). Therefore, this study targets 1960 sectors (56 sectors
n 35 countries/regions). Note that the SI Excel file includes all data from this study and the SI Tables.

.2. Indices of industrial production

As for production capacity (i.e., the survival ratio θ ), this study observed IIP for the overall M&M sectors (at the country
evel), mainly from the OECD Data (data.oecd.org) (except for #4 Bulgaria and #8 China) (Table 2). Note that because the
oW data was not available, this study used EU27 data (as a representative of a wide range of economic regions) as a
roxy variable for RoW. This study makes relative values, and August 2008 is the reference (1.000) for the 2008 crisis,
hereas December 2019 is the reference for the COVID-19 crisis. Regarding #4 Bulgaria, the data are seasonally adjusted
alues in the M&M sectors from the official statistics website (www.nsi.bg). Regarding #8 China, this study used both
on-seasonally adjusted values from the official statistics (www.stats.gov.cn), which are the accumulated growth rate of
he value-added of the industry from August to December 2008 for the 2008 crisis and the month-on-month growth rate
f industrial production from December 2019 to April 2020 for the COVID-19 crisis (see SI Table S3).
Because the model for this study requires the production capacity for each of 700 M&M sectors (i.e., 20 M&M sectors

#4 to #23] in 35 countries/regions), this study also collected each sectors’ IIP (mainly seasonally adjusted values) from
he government statistics as much as possible (SI Table S4), and classified the data into the 20 M&M sectors by hand (SI
xcel file). Note that in the case that multiple data were observed within a sector, this study took a simple average for
hem. Through this process, this study collected 371 observations (sectors) for the 2008 crisis and 347 observations for
he COVID-19 crisis as of July 2020. For the rest of the unobserved M&M sectors, this study estimated θ ict (production
apacity) in sector i in country c (in month t) by the overall θct plus the average difference in θ it (see SI Figure S3 for an
mage of this procedure).

Estimated θict = Overall θct + Average Difference θit (21)

he overall θct is based on the IIP from the OECD Data. The average difference θit means the average value of (θit − θct)
ithin a sector. It is assumed that the damage in each sector (estimated θict) would be affected uniformly by the average
eviation from the total damage (overall θct). Table 3 shows the average differences for the 2008 crisis (based on 371

observations) and the COVID-19 crisis (based on 347 observations). Note that such a method in Eq. (21) may reduce data
reliability, as discussed above.

Also note that the analysis of this study is limited to the first four months of the COVID-19 pandemic. This is because
the authors seek to expeditiously report their results to aid in making economic policy decisions related to COVID-19.
The monthly IIP data were acquired from the governmental websites mainly from June 24 to June 26, 2020. From the
viewpoint of data reliability, as discussed above, it is expected that readers can make more reliable estimates in the
longer term if acquiring data on their own.
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he production capacity (relative IIP) in the M&M sectors.
# Countries 2008 (Aug-08 = 1.000) 2020 (Dec-19 = 1.000)

Sep-08 Oct-08 Nov-08 Dec-08 Jan-20 Feb-20 Mar-20 Apr-20

Weighted average by production
(based on WIOD)

0.986 0.968 0.930 0.892 1.001 0.951 0.937 0.835

2 Austria (AUT) 0.995 0.948 0.907 0.924 0.925 0.945 1.015 0.775
3 Belgium (BEL) 1.001 0.981 0.923 0.912 0.964 0.983 0.901 0.734
4 Bulgaria (BGR) 1.017 0.982 0.960 0.958 1.022 1.030 0.978 0.867
5 Brazil (BRA) 1.017 0.978 0.939 0.829 1.019 1.014 0.914 0.704
6 Canada (CAN) 0.996 0.981 0.968 0.920 0.997 0.990 0.975 0.953
8 China (CHN) 0.995 0.982 0.962 0.935 0.972 0.746 0.970 0.991
10 Czechia (CZE) 1.006 0.980 0.935 0.903 1.015 1.023 0.907 0.679
11 Germany (DEU) 0.976 0.955 0.915 0.878 1.020 1.023 0.913 0.712
12 Denmark (DNK) 0.983 0.965 0.925 0.938 0.958 0.982 0.979 0.935
13 Spain (ESP) 1.011 0.981 0.926 0.896 1.000 0.999 0.844 0.630
14 Estonia (EST) 1.006 0.917 0.869 0.834 0.992 1.070 0.957 0.877
15 Finland (FIN) 1.014 1.014 0.979 0.852 0.990 0.990 1.010 0.987
16 France (FRA) 0.995 0.977 0.918 0.905 1.009 1.019 0.832 0.650
17 United Kingdom (GBR) 0.980 0.978 0.948 0.932 1.002 1.004 0.958 0.725
18 Greece (GRC) 1.009 0.998 0.963 0.964 1.020 0.985 1.008 0.885
20 Hungary (HUN) 0.970 0.949 0.920 0.796 1.058 1.054 0.931 0.635
23 Ireland (IRL) 0.972 0.929 1.016 0.920 1.069 1.069 1.244 1.150
24 Italy (ITA) 0.985 0.965 0.934 0.900 1.034 1.024 0.709 0.558
25 Japan (JPN) 1.012 0.988 0.921 0.845 1.020 1.018 0.979 0.890
26 Republic of Korea (KOR) 0.988 0.973 0.869 0.775 0.985 0.945 0.993 0.929
27 Lithuania (LTU) 0.994 0.869 0.881 0.935 0.974 0.954 0.976 0.877
29 Latvia (LVA) 0.998 0.988 0.940 0.926 0.989 1.009 0.970 0.913
30 Mexico (MEX) 0.999 0.987 0.971 0.936 1.005 1.000 0.952 0.662
32 Netherlands (NLD) 1.002 1.008 0.959 0.915 1.031 1.012 1.000 0.919
33 Norway (NOR) 0.980 0.982 0.970 0.956 1.004 0.999 0.969 0.953
34 Poland (POL) 1.007 0.996 0.948 0.941 1.035 1.046 0.956 0.733
35 Portugal (PRT) 0.997 0.998 0.976 0.938 1.016 1.018 0.911 0.725
37 Russian Federation (RUS) 0.982 0.954 0.822 0.791 0.994 0.997 0.981 0.879
38 Slovakia (SVK) 0.999 0.981 0.969 0.806 1.037 1.032 0.801 0.543
39 Slovenia (SVN) 0.993 0.995 0.865 0.773 1.015 1.058 0.928 0.779
40 Sweden (SWE) 0.960 0.940 0.907 0.847 1.011 1.011 1.012 0.840
41 Turkey (TUR) 0.997 0.940 0.912 0.878 0.996 1.019 0.947 0.639
42 Taiwan (TWN) 0.966 0.872 0.739 0.670 1.041 0.965 0.994 0.991
43 The United States (USA) 0.965 0.959 0.936 0.904 0.999 0.999 0.946 0.799
99 Rest of World (RoW proxied by EU27) 0.986 0.962 0.926 0.891 1.019 1.021 0.899 0.825

Notes: These IIP data (except for #4 Bulgaria and #8 China) are based on ‘‘industrial production’’ in the M&M sectors from the OECD Data
(data.oecd.org). The data are relative values, and August 2008 is the reference (1.000) for the 2008 crisis, and December 2019 is the reference
for the COVID-19 crisis. Regarding #4 Bulgaria, the data are seasonally adjusted values for the M&M sectors from the official statistics website
(www.nsi.bg). Regarding #8 China, this study used both non-seasonally adjusted values from the official statistics (www.stats.gov.cn), which are the
accumulated growth rate of the value-added from the industry from August to December 2008 for the 2008 crisis and the month-on-month growth
rate of industrial production from December 2019 to April 2020 for the COVID-19 crisis (see SI Table S3).

4.3. The price elasticity of demand

This study estimates price elasticity (ε) by using the following regression model in log form:

ln qit = ln
(
xit
pit

)
=

∑
i

Diεi ln pit + α +

∑
c

βcDc +

∑
t

βtDt + eit (22)

here x is a production value (i.e., gross output; quantity times price), and p is the price in sector i in year t. Because
he quantity (q) is not directly observed, this study uses ln

(
xit
pit

)
, which means a quantity (qit in the log form) because

of dividing x by p. Di is a dummy variable (0 or 1) for sector i, which is used for making the interaction terms of the log
price (ln pit ). Dc and Dt are dummy variables (0 or 1) for sector i, country c, and year t, respectively, controlling for these
effects (where βc and βt are the estimated semi elasticities). ε is the coefficient of the log price, representing the price
elasticity of demand. α is a constant term, and e is an error term.

This study uses x as the gross output value (labeled by ‘‘GO’’) and p as the price of the gross output (labeled by ‘‘GO_PI’’)
rom WIOD, which contains 56 sectors in 43 countries/regions (without RoW) from 2000 to 2014 (i.e., 56×43×15 = 36,120
bservations). Note that if the total output (x) is zero, this study substituted a small value of 0.001. SI Table S5 shows the
stimated price elasticity (ε). The simple average value of the elasticity (ε) is −1.115. The most elastic value is −1.973 in
xtraterritorial organizations (#56 U), while the least elastic value is −0.634 in construction (#27 F).
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Table 3
The average difference of the production capacity (θ ) for each sector in 2008 and 2020.
SectorID Sectors (Short name) Obs Sep-08 Oct-08 Nov-08 Dec-08

4 B (mining) 17 0.011 0.019 0.033 0.087
5 C10–C12 (food) 19 0.035 0.075 0.100 0.150
6 C13–C15 (textiles) 19 −0.015 0.013 0.025 0.019
7 C16 (wood) 19 0.005 0.024 −0.001 0.000
8 C17 (paper) 19 0.007 0.018 0.016 0.016
9 C18 (printing) 19 0.030 0.057 0.085 0.111
10 C19 (petroleum) 17 −0.005 0.030 0.010 0.052
11 C20 (chemicals) 18 0.029 0.011 −0.007 −0.071
12 C21 (pharmaceutical) 18 0.008 0.042 0.049 0.081
13 C22 (rubber) 19 −0.014 −0.010 −0.040 −0.059
14 C23 (non-metal) 19 −0.003 0.009 0.004 −0.034
15 C24 (metals) 19 −0.029 −0.051 −0.115 −0.115
16 C25 (fabricated metal) 19 −0.001 −0.009 −0.035 −0.027
17 C26 (computer) 19 0.033 0.073 0.063 −0.054
18 C27 (ele-equipment) 19 0.016 0.023 0.023 −0.010
19 C28 (machinery) 19 0.014 0.031 0.008 −0.016
20 C29 (motor vehicles) 19 0.040 −0.013 −0.034 −0.091
21 C30 (other transport) 19 0.027 −0.015 0.048 0.089
22 C31–C32 (furniture) 19 0.006 0.026 0.033 0.058
23 C33 (repair) 16 0.017 0.011 0.045 0.042

SectorID Sectors Obs Jan-20 Feb-20 Mar-20 Apr-20

4 B (mining) 17 −0.022 −0.012 −0.010 0.043
5 C10–C12 (food) 17 −0.004 −0.004 0.036 0.100
6 C13–C15 (textiles) 17 −0.001 0.0002 −0.084 −0.158
7 C16 (wood) 17 −0.005 −0.015 −0.003 −0.008
8 C17 (paper) 17 0.004 −0.009 0.066 0.136
9 C18 (printing) 17 −0.0001 −0.011 −0.024 −0.029
10 C19 (petroleum) 17 0.035 0.019 0.052 0.117
11 C20 (chemicals) 17 −0.003 0.002 0.066 0.151
12 C21 (pharmaceutical) 17 −0.022 0.004 0.134 0.208
13 C22 (rubber) 17 0.002 0.002 0.019 0.007
14 C23 (non-metal) 17 0.020 0.013 0.003 −0.030
15 C24 (metals) 17 0.021 0.029 −0.005 0.004
16 C25 (fabricated metal) 17 −0.016 −0.002 −0.024 −0.036
17 C26 (computer) 17 −0.021 −0.020 −0.002 0.058
18 C27 (ele-equipment) 17 −0.035 −0.012 −0.037 0.018
19 C28 (machinery) 17 −0.025 −0.014 −0.034 −0.010
20 C29 (motor vehicles) 17 0.041 0.046 −0.078 −0.354
21 C30 (other transport) 18 −0.042 −0.035 −0.086 −0.133
22 C31–C32 (furniture) 18 −0.023 −0.008 −0.067 −0.108
23 C33 (repair) 18 −0.046 0.057 −0.054 −0.015

Notes: This table shows the average difference IIP (θ ) for each sector in 2008 and 2020 (see Equation 22). For example, #4 B
mining sector had 17 observations in 2008, and the average differences (from the overall values) are 0.011 (September), 0.019
(October), 0.033 (November), and 0.087 (December). This means that because these values are positive (depending on the 17
observations), the production capacity in this sector is likely to be higher than the overall M&M sectors (weighted average).

5. Results

5.1. Preparation for estimation

Table 1 shows the summary values for before the crises. From the WIOD, the global annual GDP (i.e., value-added [v]
t a nominal price) was 55 trillion USD in 2007 (21.2% for the M&M sectors and 78.8% for the others) and 75 trillion USD
n 2014 (21.7% for the M&M sectors and 78.3% for the others). Meanwhile, this study estimated that the total value of SS
efore the crisis (SSbefore) at the month level (i.e., the initial month) was 10 trillion USD in 2007 and 12.9 trillion USD in
014. As for the breakdown, the CS before the crisis (CSbefore) was 5.3 trillion USD in 2007 and 6.8 trillion USD in 2014,
hereas PS before the crisis (PSbefore) was 4.7 trillion USD in 2007 and 6.1 trillion USD in 2014.

.2. Production capacity

Table 2 shows the production capacity, i.e., the relative IIP for each country in 2008 and 2020, which is set as 1.000
100%) before each crisis (August 2008 and December 2019, respectively). The data come primarily from OECD Data (see
ethods). The weighted average values by production, based on WIOD, were 0.986 (September), 0.968 (October), 0.930

November), and 0.892 (December) for the 2008 crisis and 1.001 (January), 0.951 (February), 0.937 (March), and 0.835
April) for the COVID-19 crisis (2020). This suggests that production capacity hardly decreased in the first month but
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ummary of the estimated results in the overall, M&M (#4–23), and other (#1–3, 24–56) sectors.
Items Sectors 2008 financial crisis COVID-19

Sep-08 Oct-08 Nov-08 Dec-08 Jan-20 Feb-20 Mar-20 Apr-20

Price increase
(∆p)

Overall 0.003 0.006 0.017 0.026 0.002 0.020 0.016 0.033
M&M 0.006 0.013 0.039 0.062 0.004 0.044 0.035 0.073
Others 0.001 0.002 0.006 0.009 0.001 0.007 0.006 0.012

SS loss (each
month;
million USD)

Overall 26,686 54,589 157,657 248,808 17,463 239,323 229,097 455,438
M&M 19,894 42,567 122,366 194,465 14,077 187,151 175,279 350,871
Others 6792 12,023 35,292 54,344 3386 52,172 53,817 104,567

CS loss (each
month;
million USD)

Overall 25,845 53,218 154,192 240,254 16,569 227,502 223,528 427,422
M&M 18,439 40,093 115,929 181,545 12,892 171,579 165,482 315,472
Others 7,407 13,126 38,264 58,709 3677 55,922 58,046 111,951

PS loss (each
month;
million USD)

Overall 840 1371 3465 8555 894 11,821 5569 28,016
M&M 1455 2474 6437 12,920 1185 15,572 9797 35,399
Others −615 −1,103 −2,972 −4365 −291 −3751 −4228 −7383

SS after the shock
(each month;
million USD)

Overall 10,035,667 10,007,763 9,904,695 9,813,544 14,231,065 14,009,205 14,019,431 13,793,090
M&M 3,025,187 3,002,514 2,922,715 2,850,616 4,611,703 4,438,628 4,450,500 4,274,908
Others 7,010,480 7,005,249 6,981,980 6,962,928 9,619,362 9,570,576 9,568,931 9,518,181

Annual GDP
ratio for SS loss
(each month)

Overall 0.048% 0.098% 0.282% 0.445% 0.023% 0.317% 0.304% 0.604%
M&M 0.168% 0.359% 1.031% 1.639% 0.086% 1.143% 1.071% 2.143%
Others 0.015% 0.027% 0.080% 0.123% 0.006% 0.088% 0.091% 0.177%

Annual GDP ratio for
SS loss (cumulative
months)

Overall 0.048% 0.145% 0.427% 0.872% 0.023% 0.340% 0.644% 1.248%
M&M 0.168% 0.526% 1.558% 3.196% 0.086% 1.229% 2.300% 4.443%
Others 0.015% 0.043% 0.123% 0.246% 0.006% 0.094% 0.185% 0.362%

Notes: This table shows the summary of the estimated results (in the world) in the overall, M&M (#4–23), and other (#1–3, 24–56) sectors for the
2008 crisis (from September to December 2008) and for the COVID-19 crisis (from January to April 2020). The items, in order, are the price increase
(∆p; p before the crisis is 1.000; weighted averaged by production), the SS loss (each month; million USD), the CS loss, the PS loss, the SS after the
crisis (each month; million USD), the annual GDP ratios for the SS loss in each month and cumulative months.

gradually decreased to below 90% in the fourth month. Note that this trend is different from the case of the earthquakes
in Japan (Yagi et al., 2020), where production capacity decreased largely in the first or second month, right after the
earthquakes occurred, gradually recovering afterward for several months.

Table 3 shows the average differences of relative IIP among the sectors (i.e., the sectoral IIP [from the governmental
tatistics] minus the country-level IIP from Table 2; see Eq. (21) in Methods). The minimum (worst) values for the 2008
risis were –0.029 (September), –0.051 (October), –0.115 (November), and –0.115 (December), all in the metal sector (#15
24). This indicates that the metal sector reduced its production the most. Similarly, the worst values for the COVID-19
risis (2020) were –0.046 (January) in the repair sector (#23 C33), –0.035 (February) and –0.086 (March) in the other
ransport sector (#21 C30), and –0.354 (April) in the motor vehicle sector (#20 C29), suggesting that these sectors reduced
roduction the most.
Meanwhile, the maximum (best) values for the 2008 crisis were 0.040 (September) in motor vehicles (#20 C29), and

.075 (October), 0.100 (November), and 0.150 (December) in the food sector (#5 C10–C12). Since the motor vehicles
ector (C29) was severely beat-up after the first month, this suggests that the food sectors (C10–C12) raised production
he most after the 2008 crisis. Similarly, the maximum values for the COVID-19 crisis (2020) were 0.041 (January) in the
otor vehicle sector (#20 C29), 0.057 (February) in the repair sector (#23 C33), and 0.134 (March) and 0.208 (April) in

he pharmaceutical sector (#12 C21). Because the motor vehicle and repair sectors decreased production from the third
onth, as noted above, this suggests that the pharmaceutical sector raised production the most after the COVID-19 crisis,
robably because there was an increase in the transaction volume of medical goods to fight the pandemic.

.3. An estimation of price changes and the loss of social surplus

Table 4 shows a summary of the estimated results (in the world) in the overall, M&M (#4-23) and other sectors for
ach of the first four months of both crises. The top of the table shows the price changes (∆p; the price before the crisis is
.000 [100%]), which are weighted and averaged by production. In the left of Fig. 2, the price increases (∆p) in the overall
ectors are 0.003 (i.e., +0.3%; September), 0.006 (October), 0.017 (November), and 0.026 (December) after the 2008 crisis
nd 0.002 (January), 0.020 (February), 0.016 (March), and 0.033 (April) after the COVID-19 crisis (2020). This means that
he price would not have clearly increased in the first month but would have gradually risen (by several percent) up until
he fourth month. As of the fourth month, the price would have increased largely in the M&M sectors (0.062 on December
008 and 0.073 on April 2020) but not clearly in the other sectors (0.009 on December 2008 and 0.012 on April 2020).
The SS losses for each month (million USD at nominal value) in the overall sectors are 26,686 (September), 54,589

October), 157,657 (November), and 248,808 (December) after the 2008 crisis, and 17,463 (January), 239,323 (February),
29,097 (March), and 455,438 (April) after the COVID-19 crisis (2020). Taking a cumulative ratio from the first month
523
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Fig. 2. The increase in price (left) and the cumulative SS loss ratio (right). Notes: The left figure shows the increase in price (the weighted averaged
by production) in each month in overall (square), M&M (triangle; #4-23), and other sectors (inverted triangle; #1-3 and 24–56) after the 2008
crisis (open) and the COVID-19 crisis (filled). It indicates that the COVID-19 crisis increased more in prices than the 2008 shock. Meanwhile, the
right figure shows the cumulative values (for the four months) of the initial annual GDP ratio in overall (square), M&M (triangle; #4-23), and other
sectors (inverted triangle; #1-3 and 24–56) after the 2008 shock (open) and the COVID-19 crisis (filled). Note that, when decomposing the SS loss,
most of the damage is due to the CS loss, not the PS loss (because of the model assumption). See Table 4.

Fig. 3. The SS loss ratios by country (left) and sector (right). Notes: These figures show that the SS loss ratios (the annual GDP ratio) by country
(left) and the M&M sector (right). The horizontal axis shows the cumulative values for the 2008 crisis (from September to December 2008), whereas
the vertical axis shows those for the COVID-19 crisis (from January to April 2020). See Figures S4–S6 for details and SI Table S4 for the sector list.

(see the right part of Fig. 2), the annual GDP ratios for the SS loss in the overall sectors are 0.048% (September), 0.145%
(October), 0.427% (November), and 0.872% (December) for the 2008 crisis, and 0.023% (January), 0.340% (February), 0.644%
(March), and 1.248% (April) for the COVID-19 crisis (2020). This means that, until the fourth month in the overall sectors,
the economic damage from the COVID-19 crisis was approximately 1.4 times that of the 2008 crisis (i.e., 1.248%/0.872%
≈ 1.431).

Regarding the sectoral breakdown between M&M and other sectors, the cumulative annual GDP ratios for the SS loss
in the fourth month are 3.196% (M&M) and 0.246% (others) for the 2008 crisis (December), and 4.443% (M&M) and
0.362% (others) in April 2020 for the COVID-19 crisis. This means that the economic damage of the COVID-19 crisis is
approximately 1.4 times that of the 2008 crisis (i.e., 4.443%/3.196% for M&M and 0.362%/0.246% for the others). This
also indicates that the supply-chain damage is much more extensive in the M&M sectors than the others. This is due to
several reasons. First, the economic scale of the M&M sectors is much smaller than that of the other sectors (i.e., the GDP
is approximately one-fourth). Second, the model in this study assumes that the production capacity (IIP) is constrained
only in the M&M sectors. By contrast, the supply and demand are not constrained in the other sectors (see Methods).

For another breakdown between CS and PS, the CS loss is much larger than the PS loss (see Discussion). In the fourth
month after the crises, the CS loss (million USD) in the overall sectors was 240,254 (December) for the 2008 crisis and
427,422 (April 2020) for the COVID-19 crisis, whereas the PS loss was 8555 (December) for the 2008 crisis and 28,016
(April 2020) for the COVID-19 crisis. Importantly, in the other sectors, the PS loss is even negative (i.e., more profitable
than before the crises) and −4,365 (December 2008) and −7,383 (April 2020), depending on the price elasticity.
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Fig. 4. The cumulative SS loss ratio for every country (entire sectors) for the 2008 shock (left) and the COVID-19 crisis (right). Notes: These figures
show the cumulative SS loss ratio (annual GDP%) for every country (entire sectors) following the 2008 shock (left, from September to December
2008) and the COVID-19 crisis (right, from January to April 2020). Countries in the legend field are listed in descending order of damage at the
fourth month. See SI Figure S7 for the price change, SI Figure S8 for the SS ratio in each month, and SI Table S1 for the country list.

Fig. 5. The cumulative SS loss ratio for 20 M&M sectors for the 2008 shock (left) and the COVID-19 crisis (right). Notes: These figures show the
cumulative SS loss ratio (annual GDP%) for 20 M&M sectors following the 2008 shock (left, from September to December 2008) and the COVID-19
crisis (right, from January to April 2020). Sectors in the legend field are listed in descending order of damage at the fourth month. See SI Figure S9
for the price change, SI Figure S10 for the SS ratio in each month, and SI Table S4 for the sector list.

5.4. Rankings for the countries and sectors

Fig. 3 shows the cumulative ratios as of the fourth month between the 2008 (horizontal) and COVID-19 (vertical) crises,
where the left part is for the countries in the overall sectors, and the right part is for the M&M sectors (see SI Figures S4–S6
for an additional summary). Fig. 4 shows the cumulative SS loss ratio for every country (entire sectors) (see SI Figure S7
for the price change and SI Figure S8 for the SS ratio in each month). The five worst countries as of the fourth month are
Taiwan (#42, 3.812%), Korea (#26, 2.416%), Russia (#37, 2.039%), Hungary (#20, 1.597%), and China (#8, 1.436%) for the
2008 crisis (as of December 2008), whereas those are China (#8, 3.152%), Slovakia (#38, 2.768%), Turkey (#41, 2.287%),
Italy (#24, 1.890%), and Czechia (#10, 1.850%) for the COVID-19 crisis (as of April 2020). This indicates that the impact of
these crises varies in countries because the lineup countries are different (except for China).

Examining each month (see SI Figure S8), in the case of 2008 financial crisis, the SS losses tended to increase across all
countries in a similar way (i.e., gradually from the first month to the fourth month). The greatest damage from the 2008
crisis was primarily caused in East Asia (e.g., Taiwan (#42) and South Korea (#26)), and in Central and Eastern Europe
(e.g., Slovakia (#38), Russia (#37), Hungary (#20), and Slovenia (#39)). Meanwhile, in the case of COVID-19, there is some
heterogeneity among countries. In January 2020, there was little or no damage in Asia, including Turkey (#41, 0.393%),
and China (#8, 0.284). In February, the damage was similar to January with the exception of China, where SS was lost at
a rate of +2.288% (at peak). In March, SS loss in China reduced to 0.418%. Instead, damage began to be seen (although it
was still minimal) in Europe, including Slovakia (#38, 0.876%), Italy (#24, 0.775%), and Czechia (#10, 0.563%). Finally, in
April, damage began to be clearly seen not only in Europe, including Slovakia (#38, 2.129%), Hungary (#20, 1.652%), and
Czechia (#10, 1.446%), but also in Mexico (#30, 1.296%).

Similarly, Fig. 5 shows the cumulative SS loss ratio for 20 M&M sectors (see SI Figure S9 for the price change and SI
Figure S10 for the SS ratio in each month). The worst M&M sectors as of the fourth month are metals (#15 C24: 8.029%);
motor vehicles (#20 C29: 6.651%); fabricated metals (#16 C25: 4.696%); chemicals (#11 C20: 4.474%); and ele-equipment
(#18 C27: 4.460%) for the 2008 crisis (as of December). Those are motor vehicles (#20 C29: 11.138%); textiles (#6 C13–
C15: 8.269%); other transport (#21 C30: 7.747%); metals (#15 C24: 6.433%); and ele-equipment (#18 C27: 5.983%) for the
525



M. Yagi and S. Managi Economic Analysis and Policy 69 (2021) 514–528
Fig. 6. The cumulative SS loss ratio for 36 additional sectors for the 2008 shock (left) and the COVID-19 crisis (right). Notes: These figures show
the cumulative SS loss ratio (annual GDP%) for 36 additional sectors following the 2008 shock (left, from September to December 2008) and the
COVID-19 crisis (right, from January to April 2020). Sectors in the legend field are listed in descending order of damage at the fourth month. See
SI Figure S11 for the price change, SI Figure S12 for the SS ratio in each month, and SI Table S4 for the sector list.

COVID-19 crisis (as of April 2020). This indicates that the greatest damage happened to sectors that are similar in both
crises. In particular, the downstream sectors, such as motor vehicles (C29), ele-equipment (C27), and metals (C24), tend
to be quite vulnerable to global crises. Note that the exceptions are food sectors (C10–C12:–0.419%) for the 2008 shock
and the pharmaceutical sector (C21: –0.184%) for COVID-19. There was almost no damage sustained by these sectors, and
in some instances, they turned a profit.

Finally, Fig. 6 shows the cumulative SS loss ratio for 36 additional sectors (see SI Figure S11 for the price change and SI
Figure S12 for the SS ratio in each month). The worst sectors for the 2008 financial crisis as of the fourth month (December
2008) are U (#56 extraterritorial organizations, 0.978%); F (#27 construction, 0.901%); H51 (#33 air transport, 0.770%);
D35 (#24 utilities, 0.763%); and E37–E39 (#26 waste, 0.731%). Meanwhile, the worst sectors for the COVID-19 crisis as of
the fourth month (April 2020) are U (#56 extraterritorial organizations, 2.650%); D35 (#24 utilities, 0.765%); H51 (#33 air
transport, 0.761%); F (#27 construction, 0.553%); and E37–E39 (#26 waste, 0.492%). This indicates that the construction,
air transport, utilities, and waste sectors have been primarily damaged. Note that the extraterritorial organization sector
(#56 U) is the worst affected in both crises, but it is considered an exceptional sector, with low production.

5.5. Discussion

The key results are summarized as follows. First, the supply-chain losses for COVID-19 are 1.248% (the annual GDP
ratio) in the overall sectors, 4.443% in the M&M sectors, and 0.362% in the other sectors. These are approximately 1.4 times
those of the 2008 crisis. The reason the other sectors’ loss is relatively small (only 0.362%) is that the supply constraints
of this study mean that we could only consider the M&M sectors. This is also because the M&M sectors’ economic scale
(GDP) is much smaller than the other sectors (approximately 21% of the total GDP). Hence, the losses from the M&M
sectors do not spread that much to the other sectors.

Second, the CS loss is much larger than the PS loss because of the model’s assumption for this study. In a standard IO
model, such as the most popular LQM (the demand-driven quantity model), price and quantity are not elastic with each
other (Davar, 1989; Oosterhaven, 1989). For example, if the demand quantity is decreased to 80% after the crisis since the
price remains at 100%, the production (i.e., quantity times price) becomes 80%. In this case, the consumers and producers
will be almost equally hurt because they make transactions (i.e., buy and sell) at the same price with a smaller quantity
than before. Meanwhile, in the model for this study (Fig. 1), price and quantity are elastic with each other. In these cases,
the producers are not necessarily hurt because they can sell their products at a higher price than before, depending on
the demand situation.

Also, the supply-chain damage tends to vary widely from country to country, but more narrowly from sector to sector.
The downstream sectors (e.g., automobiles, ele-equipment, and metals) tend to be more weakened, probably because of
the model’s assumption noted above. That is, because the upstream sectors (i.e., sellers) can raise the price in the model of
this study, the downstream sectors (i.e., buyers) will have to buy products at a higher price, suffering more of an economic
loss.

Compared to You et al. (2020), the economic loss estimation in this study (1.248% for the overall sectors and 4.443% for
the M&M sectors) is much lower than You et al. (2020) found (the one-month lockdown policy would reduce the annual
gross regional production by 11.9% in Wuhan, China). That is because this study examined only industrial output from
the viewpoint of supply constraint. Meanwhile, You et al. (2020) considered not only the production damage, including
for the overall industries but also residents’ physical and mental health.

Compared to Guan et al. (2020), the damage estimation of this study (the global GDP dropped by 1.248% for the overall

sectors) is much lower than Guan et al. (2020), who simulated that the lockdown policy would lower global GDP by 3.5%
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China only, the 80% lockdown for two months) to 40.3% (the global level, the 60% lockdown for six months). This is
robably for several reasons. First, Guan et al. (2020) assumed that production capacity would drop by 20% to 80% in the
cenario. However, the IIP had actually almost no losses in the first two months and was –6.3% (0.937 in March 2020)
nd –16.5% (0.835 on April 2020) at the global level. Note that Italy (0.558) and Slovakia (0.543) had a lower volume of
roduction capacity in April, but the drop was still above 50%. Another reason is that the model assumptions are different.
or Guan et al. (2020), the upstream sectors (sellers) and downstream sectors (buyers) were almost equally hurt because
heir model was based on the most popular LQM. In LQM, because the price is inelastic to the quantity, both buyers and
ellers will be more damaged because they trade a smaller quantity at the same price before the crisis. Meanwhile, in this
tudy, the sellers (i.e., the PS loss) were hardly affected because they can raise the selling price, as noted above. Therefore,
hen analyzing the impact of supply constraints, the assumptions in this study appear more economically natural than
uan et al. (2020). That is, the more downstream sectors (e.g., automobiles) will be more affected because they have to
uy (fewer) products at a higher price.

. Conclusions

This study examines global supply constraints stemming from the 2008 financial crisis and the 2020 COVID-19
andemic in IOA during the first four months. LPM with the exogenous price elasticity of demand is used as the model
Yagi et al., 2020). Data is obtained from WIOD (Timmer et al., 2015, 2016), and monthly IIP is obtained from various
overnmental offices (websites). Although there are some issues with data reliability and IOA assumptions, as previously
iscussed, LPM remains one of the most theoretically consistent supply-driven IO models at this time.
The main results show that the economic damage from the COVID-19 crisis seems to be 1.4 times greater than

amage sustained from the 2008 financial crisis. From all of this, there are several policy implications for COVID-19.
irst, because of the huge economic damage of the COVID-19 crisis, the historical amounts of financial support policies
y the central banks and governments in major countries will be affirmed. Next, financial aid should be provided more
o the downstream sectors (e.g., automobiles, ele-equipment, and metals) because they have to buy products at a higher
rice, thus suffering more economic losses. Importantly, when facing a global crisis, it is necessary to consider not only the
upply-chain disruptions but also the effects on the health and service sectors. This is because supply chain disruptions
re relatively small when compared to previous studies. The economic scale (GDP) of the M&M sectors is small in the
irst place and only approximately 21% (21.2% in 2007 and 21.7% in 2014). Thus, the demand-side analysis and health
anagement will be crucial for considering the global crises from the perspective of the economy as a whole.
As a limitation, this study considers only the supply constraints in the M&M sectors and, hence, does not consider

he changes in demand. Because the COVID-19 crisis has changed not only the supply side but also the demand side,
n economic analysis of the demand side is also necessary and prudent. As in the basic economic model, when demand
ecreases (i.e., the demand curve shifts to the left), SS will be reduced further. Therefore, the supply-chain damage (or
his study) may be much smaller than all the economic effects due to COVID-19.
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