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Abstract: This study shows how import and export shocks propagate through domestic supply
chains using actual Japanese supply-chain data and a world input-output table (WIOT) based on
firm-level agent-based simulations. We propose three different models with which to connect the
domestic firms to a WIOT. Then, we estimate the value-added losses of Japanese firms caused by
shocks of different magnitudes and durations originating in China, in the EU and the US, and globally.
The volume and rates at which losses increase are very different across the connection models, which
indicates that the assignment of international connections to firms matters greatly. The losses increase
sublinearly as the duration expands, which indicates that the shock propagation ultimately saturates
the economy. Rates of saturation differ substantially depending on the assignment of international
connections. The losses increase superlinearly as the initial reduction rate increases. This occurs
because there is a greater probability of one supplier being replaced by other suppliers if the reduction
is smaller.

Keywords: supply chain; world input-output tables; simulation; propagation

1. Introduction

The structure of the global economy has changed over recent decades, particularly
in the areas of international trade and industrial organization Gereffi et al. (2005). First,
the volume of the international trade relative to GDP has grown rapidly since 1990 World
Bank (2020). Not only the quantity but also the quality of international trade has changed
in terms of hyperspecialized firm-to-firm relationships World Bank (2020). Concretely,
corporations have vertically disintegrated, and each enterprising body has clarified its own
competency Feenstra (1998). As a result, global supply chains are now the most complex
they have been in history. One positive aspect of such advanced global supply chains is that
a product or service can include a combination of high-quality products and services, and
the entire economy is efficient because each enterprise can trade worldwide Christopher
(2016). However, there are also downsides. One of the most critical downsides concerns
supply-chain disruptions that arise from the complex nature of global supply chains.

A major cause of supply-chain disruptions are disasters. For example, the Great
East Japanese Earthquake of 2011 reached a magnitude of 9.0 and is the fourth largest
earthquake in the world occurring since 1900. The epicenter formed off the coast of
northeastern Japan, a relatively underdeveloped region where many small and medium-
sized suppliers in the automobile and electric machinery industries are located Ministry of
Economy, Trade and Industry (2011). Since Japanese products and services are integrated
into the world economy, global supply chains were affected. Rather, Thai, Filipino and
Indonesian automobile and electrical component production was greatly reduced Ye and
Abe (2012). Another example are the 2011 floods occurring in Thailand. These floods
inflicted considerable damage to several Southeast Asian countries and the Sindh region of
Pakistan. In particular, Thailand experienced severe flooding in its central region, including
in Bangkok and parts of neighboring areas where many factories and businesses were
located. The Thai economy is also integrated into global supply chains, and so these
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negative shocks transmitted into other countries. In particular, Japanese automotive and
electrical component production declined greatly due to the disaster Chongvilaivan (2012).

Another nonnegligible cause of supply-chain disruptions are pandemics Chowdhury
et al. (2021); Paul and Chowdhury (2020). COVID-19, a novel coronavirus disease, has been
spreading worldwide since 2020, and by 9 June 2021, the total number of confirmed cases
of COVID-19 reached 173,887,864, while the total number of deaths reached 3,744,378 Coro-
navirus Resource Center (2020). To prevent the spread of COVID-19, most countries have
implemented unprecedentedly stringent restrictions. For example, Wuhan, the epicenter
of the COVID-19 pandemic, was locked down from 23 January to 27 March 2020 with all
public transportation and companies not essential to citizens’ survival shut down (Reuters,
11 March 2020). Apparently, the lockdown greatly affected Wuhan’s economy. Moreover,
because Wuhan, known as the “Chinese Detroit”, is an automotive industrial center and
supplies automotive parts and components to domestic and foreign manufacturers, the
effects of the lockdown propagated to other countries through supply chains. For example,
Honda, a Japanese automobile manufacturer that operates plants in Wuhan, reduced its
production of automobiles in Japan due to a lack of parts supplies from China in early
March 2020 (Nikkei Newspaper, 2 March 2020).

The disruptions described above represent a systemic risk that is difficult to control,
especially at the firm level. This is the case because even if a firm identifies disaster-prone
trade partners, indirect suppliers or clients are spread across widely interconnected supply
chains. Thus, it is beyond the capacity of firms to control and monitor supply chains
Kimura and Ando (2005).

As a tool for studying global supply chains, world input-output tables (WIOTs) have
been widely used Ayadi et al. (2021); Baldwin and Lopez-Gonzalez (2015); Dietzenbacher
et al. (2013); Timmer et al. (2015). A major limitation of input-output tables is that they
can be used to calculate the upstream impacts but not downstream impacts Thomas and
Helgeson (2021). To mitigate this limitation, i.e., to incorporate downstream impacts, the
adaptive regional input-output (ARIO) inventory model is proposed Hallegatte (2014) and
applied to WIOTs Guan et al. (2020) to discuss the impact of COVID-19. In addition, in
reality, supply chains are sparse and complex networks of firms engaged in trade, and
input-output tables are aggregates of these firm-level trade relationships by sector or
country-sector and a densely connected network of sectors. Therefore, firm-level networks
allow us to see not only the attributes of each firm but also the complex nature of supply
chains. This limitation of studying the global supply chains through sector-level data is
also indicated in the World Bank’s report World Bank (2020). In addition, the number of
links that each firm has, also known as a firm’s degree, follows a power-law distribution
Inoue and Todo (2019a), as is commonly observed in many natural and societal networks
Barabási (2016). This means that if a hub (a firm with many trade relationships) is affected,
many other firms will be affected and vice versa. Such relationships and outcomes cannot
be observed in an input-output table. This is simply the case because input-output tables
do not capture such skewed distributions of the number of links.

Currently, there are no complete global supply-chain data for the firm level. On the
other hand, Japanese country-wide supply-chain data that cover approximately 1.6 M
firms and 6 M trade relationships exist Fujiwara and Aoyama (2010). In addition, based
on these domestic supply-chain data, simulations have been conducted to determine how
negative shocks, i.e., the Great East Japanese Earthquake Inoue and Todo (2019a) and
the COVID-19 pandemic Inoue and Todo (2020), have propagated through the Japanese
economy. However, the propagation of negative shocks to imports and exports through
global supply chains into domestic firm-level supply chains has not been studied.

To fill the above research gap, the present study shows how import and export shocks
are propagated into domestic supply chains. In particular, we use actual Japanese supply-
chain data and connect them to a WIOT. Since the former are of the firm level and the latter
is of the sector level, we propose three different models for estimating the imports and
exports of each firm. Then, we separate China, the EU, and the US, i.e., China and Western



J. Risk Financial Manag. 2021, 14, 461 3 of 14

countries, from the rest of the world because China, the EU and the US are geopolitically
and economically important to Japan.

The paper proceeds as follows. In the next section, we describe the material and
method we use. Then, we present the results in Section 3, and we discuss them and
conclude the paper in Section 4.

2. Material and Method
2.1. Supply-Chain Data

The firm-level supply-chain data used in this study are taken from the Company
Information Database and Company Linkage Database compiled by Tokyo Shoko Research
(TSR), one of the largest credit research companies in Japan. The former database includes
information on the attributes of firms, including their locations, industries, sales, and
numbers of employees, and the latter database includes the major customers and suppliers
of each firm. In particular, industrial sectors are classified according to the Japan Standard
Industrial Classification (JSIC) MIC (2013). Due to issues of data availability, we use data on
firm attributes and supply chains for 2016. These data serve as our domestic supply-chain
data, and we relate these data to import and export data, i.e., the World Input-Output
Database (WIOD). Further details are provided in Section 2.4.

The TSR data include information on Japanese firms and their relationships. Regarding
relationships, the maximum number of suppliers and clients each firm can report is 24.
However, when we consider supplier-client relations running in the opposite direction,
more than 24 suppliers or 24 clients can be found for each firm. The TSR data include the
headquarter addresses of the firms.

The data cover 1,668,567 firms and 5,943,073 supply-chain links. Hence, our data
identify the major supply chains of most firms in Japan. Because the transaction value of
each supply-chain link is not available from the data, we estimate sales from a supplier
to each of its customers and to consumers using the total sales of the supplier and the
2015 input-output tables for Japan Ministry of Internal Affairs and Communications, the
Cabinet Office, the Financial Services Agency, the Ministry of Finance, the Ministry of
Education, Culture, Sports, Science and Technology, the Ministry of Health, Labour and
Welfare, the Ministry of Agriculture, Forestry and Fisheries, the Ministry of Economy,
Trade and Industry, the Ministry of Land, Infrastructure, Transport and Tourism, and
the Ministry of Environment, Japan (2015). For this estimation process, we remove firms
without sales information. Accordingly, 966,627 firms and 3,544,343 links are included
in our final analysis. Although the firms included in the TSR data are classified into
1460 industries according to the JSIC MIC (2013), we simplify the industries into the 187
industries identified in the IO tables. To estimate transaction volumes, first, we divide
each supplier’s sales to its clients proportionate to the clients’ sales to create a tentative
sales value. Second, we refer to the 2015 Japanese IO table Ministry of Internal Affairs and
Communications, the Cabinet Office, the Financial Services Agency, the Ministry of Finance,
the Ministry of Education, Culture, Sports, Science and Technology, the Ministry of Health,
Labour and Welfare, the Ministry of Agriculture, Forestry and Fisheries, the Ministry of
Economy, Trade and Industry, the Ministry of Land, Infrastructure, Transport and Tourism,
and the Ministry of Environment, Japan (2015) to transform these tentative values such that
the total volume corresponds to GDP. Specifically, we aggregate the tentative values at the
firm-pair level to calculate total sales for each pair of industrial sectors. We then divide total
sales for each industrial sector pair by the transaction values for the corresponding pair
included in the IO tables. The ratio is then used to adjust the transaction values between
firms. The final consumption of each industrial sector is assigned to all firms in the sector
using their sales volumes as weights.

In the supply-chain data described above, the degree of each firm, or its number
of links, follows a power-law distribution Inoue and Todo (2019a) as often found in the
literature Barabási (2016). The average path length between firms, or the number of steps in
the supply chain between them, is 4.8, indicating a small-world network. Using the same
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dataset, previous studies Fujiwara and Aoyama (2010); Inoue and Todo (2019a) have found
that 46–48% of firms are included in the giant strongly connected component (GSCC), all
firms that are indirectly connected to each other through supply chains. The large size of
the GSCC clearly shows that the network has a significant number of cycles, diverging
from the common image of a layered or tree-like supply-chain structure.

2.2. World Input-Output Table

Since the present study examines the effect of import and export shocks on domestic
firms, it is necessary to identify the international connections of domestic firms. To do so,
we use the WIOD, which contains an annual time-series of WIOTs Timmer et al. (2015).
In particular, we use the WIOT for 2014. This table indicates the trade volume between
sectors across countries. There are 43 partner countries and 56 sectors for each country.
Moreover, the table includes 28 EU countries, the US, China, and Japan. The sectors are
classified according to the International Standard Industrial Classification (ISIC) Statistics
Division, Department of Economic and Social Affairs, United Nations (n.d.). In particular,
we use import and export connections to Japan and the volume of connections taken from
this table.

In the present study, import and export shocks are given at the sectoral level based
on the WIOT. Since the WIOT uses the ISIC and the domestic supply-chain data use the
JSIC, we use a correspondence table Statistics Division, Department of Economic and Social
Affairs, United Nations (n.d.) to match codes between them.

2.3. Model

We employ the dynamic agent-based model of Inoue and Todo (2019a, 2019b), an
extension of Hallegatte and Henriet (2008)’s model, which assumes that supply chains exist
at the firm level. In the model, firms use various intermediate goods as inputs and provide
a sector-specific product to client firms and final consumers. Firms have an inventory
of intermediate inputs from suppliers. However, they have no inventory of completed
products, and the completed product is immediately delivered to clients. In addition, there
are no prices and no market mechanisms. Supply chains are predetermined and do not
change over time. Therefore, each firm uses a firm-specific set of inputs and does not
change the input set. In addition, each firm is linked to fixed suppliers and customers and
does not add any new links, even after a supply-chain disruption. Accordingly, the model
and our analysis focus on short-term changes in production.

As mentioned in the last paragraph, the model has been revised along with the
literature. Representations of firms, such as sectors, is insufficient to model the propagation
of shocks, since supply-chain disruptions are due to bottlenecks that mainly come from
supplier failures. Therefore, a disaggregated input-output model was first proposed
Hallegatte and Henriet (2008) in this strand of the literature Battiston et al. (2007); Gatti
et al. (2005); Weisbuch and Battiston (2007). The inventory mechanism was incorporated
later Hallegatte (2012). Then, the model was comprehensively discussed in terms of
the networks structure Henriet et al. (2012). Although the purpose of the models is to
study macroeconomic behavior of the firm-level network, past studies lack an actual
macro firm-level network. Instead, they have used artificial networks created from the
input-output table. The model was first applied to nationwide firm-level networks Inoue
and Todo (2019b) in this context. Then, the probabilistic distribution of inventory and a
rationing mechanism considering relative demand were introduced instead of the constant
distribution and applied to natural disasters Inoue and Todo (2019a) and COVID-19 shocks
Inoue and Todo (2020); Inoue et al. (2021a, 2021b).

In the initial state before an economic shock, the daily trade volume from supplier j
to client i is denoted by Ai,j, and the daily trade volume from firm i to final consumers is
denoted by Ci. Then, the initial daily production of firm i is given by the following:

Pinii = Σj Aj,i + Ci. (1)
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On the t-th day after the initial state, the demand from the previous day for firm i’s
product is D∗i (t− 1). The firm thus places orders with each supplier j such that its stock of
product from supplier j can be used to meet this demand; therefore, Ai,jD∗i (t− 1)/Pinii.
We assume that firm i maintains an inventory of the intermediate goods produced by firm j
on day t, Si,j(t) and aims to restore this inventory to a level equal to a given number of days
ni corresponding to the use of supplier j’s product. Constant ni is assumed to be Poisson
distributed with mean n, which is a parameter. In addition, ni does not take a value of
less than 4. The value is found through experiments to find the minimum inventory size
that does not cause a bullwhip effect (a fluctuation of production levels). Furthermore,
following Inoue and Todo (2019a), in which parameter values are calibrated using the
Great East Japanese Earthquake, we assume that the average of the Poisson distribution
is 10. When the actual inventory is smaller than its target, firm i gradually increases its
inventory by 1/τ of the gap so that it reaches the target in τ days, where τ is assumed to
be 6 to follow the original model Hallegatte (2008). Therefore, firm i’s order to its supplier j
on day t, denoted by Oi,j(t), is given by the following:

Oi,j(t) = Ai,j
D∗i (t− 1)

Pinii
+

1
τ

[
ni Ai,j − Si,j(t)

]
, (2)

where the inventory gap is shown in brackets. Accordingly, the total demand for the
product of supplier i on day t, Di(t), is given by the sum of the final demand from final
consumers and total orders from customers as follows:

Di(t) = ΣjOj,i(t) + Ci. (3)

Suppose that an economic shock affects the economy on day 0 and that firm i is directly
affected. Subsequently, a proportion δi(t) of the production capital of firm i malfunctions.
In this study, δi is determined by the country and sector to which firm i belongs and the
duration of the imposed negative shock. Hence, the production capacity of firm i, defined
as its maximum production, Pcapi(t), is given by the following:

Pcapi(t) = Pinii(1− δi(t)). (4)

The production of firm i might also be limited by a shortage of supplies. Because
we assume that firms in the same sector produce the same product, the supply shortage
experienced by firm j in sector s can be compensated for by ordering supplies from firm
k in sector s. Firms cannot find new suppliers for affected suppliers after the shock to
the model, as we assume fixed supply chains. Thus, the total inventory of the products
delivered by firms in sector s to firm i on day t is as follows:

Stoti,s(t) = Σj∈sSi,j(t). (5)

The initial consumption of products from sector s by firm i before the shock is also
defined for convenience as follows:

Atoti,s = Σj∈s Ai,j. (6)

The maximum possible production of firm i, limited by the inventory of product from
sector s on day t, Pproi,s(t), is given by the following:

Pproi,s(t) =
Stoti,s(t)

Atoti,s
Pinii. (7)
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Then, we can determine the maximum production of firm i on day t given its produc-
tion capacity, Pcapi(t), and its production constraints due to the supply shortage, Pproi,s(t)
as follows:

Pmaxi(t) = Min
(

Pcapi(t), Mins(Pproi,s(t))
)

. (8)

Therefore, the actual production of firm i on day t is given by the following:

Pacti(t) = Min(Pmaxi(t), Di(t)). (9)

When demand for a firm’s product is greater than its production capacity, the firm
cannot completely satisfy this demand, as denoted by Equation (9). In this case, firms
must ration their sales to their customers. Following previous work Hallegatte and Henriet
(2008), the rationing policy prioritizes clients and final consumers making small orders
relative to their initial (preshock) orders instead of treating all clients and consumers
equally in the sense of absolute volume.

Suppose that firm i has client j and a final consumer. Then, the order ratios, i.e., the
order sizes relative to the initial state, from client j and the final consumer are denoted
by Orel

j,i and Orel
c , respectively. Orel

min = Min(Orel
j,i , Orel

c ) is calculated. If r ≤ (∑j Orel
minOj,i +

Orel
minCi), where r is the remaining production of firm i, Orea is calculated such that it

satisfies r = (∑j OreaOj,i + OreaCi). Then, we have O∗j,i = OreaOj,i + Osub
j,i Oj,i and C∗i =

OreaCi + Osub
c Ci, where the realized order from firm j placed with supplier i is denoted

by O∗j,i(t), and the realized order from the final consumer is C∗i . If r > (∑j Orel
minOj,i +

Orel
minCi), we add Orel

min to Osub
j,i and Osub

c , where Osub
j,i and Osub

c are temporal variables
used to calculate the realized orders and are initially set to zero. Then, we subtract
(∑j Orel

minOj,i +Orel
minCi) from r and remove the client or final consumer denoted by Orel

min
from the calculation. We repeat this process until r is equal to zero. Algorithmic and
detailed explanations are found in Inoue and Todo (2020).

Under this rationing policy, the total realized demand faced by firm i, D∗i (t), is given
by the following:

D∗i (t) = ΣjO∗i,j(t) + C∗i , (10)

where the realized order from firm i placed with supplier j is denoted by O∗i,j(t) and that
from the final consumers is denoted by C∗i . Based on the firms’ production and procurement
activities on day t, the inventory of firm j’s product held by firm i on day t + 1 is updated
to the following:

Si,j(t + 1) = Si,j(t) + O∗i,j(t)− Ai,j
Pacti(t− 1)

Pinii
. (11)

In the present study, we investigate how international shocks propagate through
domestic supply chains. Therefore, we must consider not only the domestic relationships
among firms but also their international relationships. As mentioned in Section 2.2, we do
not use firm-level data to identify international relationships. Instead, we use data from
the 2014 WIOT to infer the import and export relationships. If there are imports from a
given sector in a country to Japan, a firm is allocated to that country’s sector to allow the
above model to be applied since there is no sector-level agent in the model. Simply put,
each sector is modeled as a firm. This approach has been used in the literature Hallegatte
(2008). There is no supplier for the international sector. On the other hand, for exports from
Japan, firms are not allocated to foreign sectors. Instead, exports from Japan to a sector in
another country are treated as the demand from final consumers for the firm.

Although we describe how we treat imports and exports in the model, it is not yet clear
which domestic firms are connected to the international sectors and what the magnitude
of the connection is in terms of both imports and exports. These points are clarified in
Section 2.4.

Regarding negative import shocks, the international sector (modeled as a firm) re-
duces its supply. The supply of products from the directly affected sector to its domestic
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customer firms then declines. Therefore, one way for domestic customer firms to maintain
their current level of production is to use their inventory of inputs. Alternatively, domestic
customers can procure inputs from other suppliers in the same industry to which they were
already connected before the shock, provided these suppliers have additional production
capacity. If firm inventory and inputs from substitute suppliers are insufficient, the domes-
tic customer firms must reduce their production because of the shortage of inputs. On the
other hand, since supply from the import sector to the domestic customer firm is reduced
and the customers reduce their production, customers’ demand for parts and components
to their other suppliers immediately declines, and thus these suppliers must decrease their
production. Because demand for products from the suppliers’ suppliers also declines, the
negative effect of the shock propagates to upstream firms. Such upstream propagation is
likely to be faster than downstream propagation because of inventory buffers and input
substitution, which hinder downstream propagation. In summary, when the import shock
affects domestic firms, both upstream and downstream domestic firms are also affected.
The negative export shock is modeled as a reduction in the demand of final consumers
for the goods of each domestic firm. After this shock, the demand of the affected firms for
their suppliers’ goods also declines. In this case, the effects of the shock are not propagated
to downstream firms because there is no reduction in production capability.

Since the model does not include connections between international sectors, the
propagation discussed above is limited to domestic supply chains and their relationships
to imports and exports. In the long run, the lack of international connections outside of
Japan may cause inaccuracies, but the estimation period used in the present study is less
than a year. Therefore, the negative impact of this limitation of the model should be minor.

2.4. Simulation Procedures
2.4.1. Complete Connection Model

Section 2 has thus far described the domestic supply-chain data, WIOT, and simu-
lations. However, one more step is needed to run the model. Since import and export
shocks are given at the sectoral level and the domestic supply chains are defined at the
firm level and not at the sectoral level, there is a difference in granularity between the
datasets. Therefore, the way in which domestic firms are connected to international sectors
should be defined. In the present study, we examine three ways to account for the corre-
spondence between them. Please note that if there are data that describe the import and
export partners that a domestic firm has, we do not need to consider this issue.

The first way to connect a domestic firm to the import and export sectors is to assume
that all domestic firms in a sector have export and import connections. This is the most
extreme case for three reasons. First, in reality, not all firms purchase imports and sell
exports. Second, similar to the first reason, even if a firm has international relationships,
this does not necessarily mean that the firm has both import and export relationships.
Third, even if a firm has import or export relationships, the firm normally does not have
trade relationships with firms from all countries in the WIOT. Therefore, the estimation of
this model requires many connections between domestic firms and international sectors,
and this model estimates the maximum number of firms that could be affected by the
shock.

Since the trade volume related to each connection between a domestic firm and an
international sector is not known, it should be estimated. Each connection, i.e., each
domestic sector import relationship with a foreign sector, can be obtained from the WIOT.
The volume of imports is also obtained from the WIOT and divided among the domestic
firms (importers) in proportion to the importers’ sales. Export volumes are estimated in
the same way. Hereafter, this model is called the “complete connection model”.

As mentioned in Section 2.3, an agent that is no different from a firm-level agent in
the model acts as a foreign sector for imports. Therefore, the trade volume calculated as
described above is the supply volume from a foreign sector to a domestic firm in the model.
On the other hand, exports are purchased by final consumers in the model, so there is no
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agent for exports. Instead, the export volume is added to the final consumption of the
domestic firms’ goods. This setup is applied to the other models as well.

2.4.2. Actual Number Model

Since the complete connection model includes the largest possible number of importers
and exporters, we limit this number to be more realistic by using statistics on the actual
number of importers and exporters in each industry Ministry of Trade, Enterprise and
Industry (2019). Since it is not clear which firms are actually importers or exporters, we
choose the same number of firms from the statistics in descending order of sales. This
choice reflects the assumption that large firms tend to engage in international trade since
international trade incurs costs. The volume of each connection is estimated using the same
method as that used in the “complete connection model”, i.e., the import (export) volume
is divided among the chosen domestic firms in proportion to the importers’ (exporters’)
sales. Hereafter, we call this the “actual number model”.

Although the actual number model reflects the actual numbers of importers and
exporters, it is still flawed. First, the choice of which firms are likely to be importers
and exporters is made on an ad hoc basis, although relatively large firms are involved in
importing and exporting. Second, the firms with the largest sales volumes are connected to
all foreign countries in the WIOT in the model. This is also unlikely to be true. However,
compared to the complete connection model, the exogenous shock propagation to domestic
firms is expected to be milder and more realistic.

2.4.3. Single-Connection Model

Since the actual number model is unrealistic because it fixes which firms are involved
in all the import and export relationships, we propose another model in which only one
firm is chosen to act as an importer (exporter) from each foreign sector. The firm is chosen
by a probability proportional to its sales. The volume of each connection is the whole
volume found between sectors shown in the WIOT. Although this probabilistic model is
not very realistic, it is important because it provides a lower bound in terms of the number
of connections.

2.4.4. Scenarios

We consider the following three major scenarios: (1) a shock starting in China, (2) a
shock starting in the EU and the US, and (3) a shock starting in all countries outside of
Japan. As discussed in Section 1, considering the spread of COVID-19 and the antipandemic
measures taken Guan et al. (2020), it is important to examine China by itself because of
its importance as a major trade partner for Japan and given the geopolitical situation in
Japan. In addition, since Western countries are strongly connected not only politically but
also economically, it is also important to examine them separately. Moreover, considering
the recent decoupling of China and the Western countries, a comparison of their effects on
Japan is also important.

For each major scenario, we consider four different reductions: 20%, 40%, 60%, and
80% reduction rates. For each rate, the industries in the focal country reduce their imports
and exports with Japan by that rate. For example, a 20% reduction in the Chinese shock
scenario means that all industries in China reduce their transactions with Japan by 20%.

Furthermore, we consider four different short durations and three different long
durations: 1, 2, 3, and 4 weeks for the short durations and 2, 4, and 6 months for the long
durations. Therefore, there are 84 (=3× 4× 7) scenarios to examine. For each scenario, we
run 10 Monte Carlo simulations. Although the model is deterministic, there is randomness
in the initial inventory sizes. See Section 2.3 for further details regarding the model.

3. Results

Figure 1 presents the results of the simulations. Each bar shows a total loss percentage.
The total loss indicates the lost value added that would have been produced if there had
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been no shock of the indicated duration. Please note that the colored parts of the bar plots
indicate the “difference” relative to a smaller reduction rate. For example, the loss rate
corresponding to the 40% reduction rate is a sum of the loss rate corresponding to the 20%
and 40% reduction rates in this plot.

The first point to note from the results, is that there are differences between country
scenarios. For each connection model, the value-added loss rate is the largest for the global
shocks, followed by shocks from the EU and the US, with Chinese shocks generating the
smallest value-added loss rate. This order is plausible when we consider the number of
countries involved. However, the magnitudes of the loss caused by the Chinese shock in
the complete connection and actual number models are very large in the sense that the loss
is due to only one country and is roughly half of that caused by EU and US shocks or more
depending on the connection models. This result indicates the importance of China to
Japanese supply chains. Additionally, the results indicate the importance of the EU and the
US because the losses from shocks originating in these regions are comparable to the losses
estimated for the global scenarios. Although in 2015, the value of Japanese trade with
China reached 326 trillion yen (21.2% of Japan’s total trade value), that value of Japanese
trade with the EU and the US reached 393 trillion yen (25.9% of Japan’s total trade value),
and that for all countries reached 1540 trillion yen Ministry of Finance (2021), China, the
EU and the US show large loss estimations. The single-connection model shows extremely
small loss rates for China compared with other countries, which will be explained later in
terms of differences in the model.

The second point to note, is that the results depicted in Figure 1 also indicate that the
value-added losses are the greatest in the complete connection model, followed by those
in the actual number model, with the single-connection model generating the smallest
losses. Importantly, since the import and export volumes are taken from the WIOT, the
trade volumes used in each connection model are identical. Therefore, the differences in
value-added losses are due to the number of firms with international connections. Since
the number of connected domestic firms is the lowest in terms of the possible numbers of
connections in the single-connection model, the estimated losses are extremely small. If
a domestic firm reduces its imports by a given rate, that importing firm’s production is
also reduced by (up to) the same rate (after its input inventory is depleted). The import
reduction shock affects all importing firms. Therefore, if there are more importing firms,
there are more reductions in production. This mechanism drives the differences between
the connection models.

The above explanations refer to import shocks. Regarding exports, however, there is
no mechanism that amplifies the shock. This is the case because exports are not used as
inputs to other firms in the simulation model.

In addition, the differences in the value-added loss rates between the models are very
large. These results indicate that the assignment of imports to firms matters a great deal.
Therefore, it may not be appropriate to make naive assumptions, such as the assumption
that a sectoral-level supply-chain model is equivalent to a firm-level supply-chain model.

Figure 2 shows the results for the scenarios with longer-lasting shocks. In contrast to
Figures 1 and 2 clearly shows that the losses increase sublinearly as the duration extends,
which is likely because shock propagation has saturated the economy. It should be noted
again that each bar shows a total loss percentage and not total loss volume itself. From the
80% reduction scenarios, we can clearly see the effects of saturation. In all models, the gap
between 4 and 6 months is smaller than that between 2 and 4 months. Shock propagation
becomes saturated simply because the shock ultimately propagates through the supply
chains, but the propagation process takes time. If a connection model includes many
import and export connections, it is more quickly saturated. Again, sectoral-level supply-
chain models cannot account for this issue and are therefore unlikely to be equivalent to
firm-level supply-chain models.

Another notable finding shown by Figure 1 is that although the reduction rates change
linearly, the loss rates increase superlinearly in all scenarios. As one of the most visible
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examples, the results for the complete connection model of a global shock lasting 2 weeks
clearly show different loss rates for uniformly different reduction rates. We might imagine
that if imports and exports are reduced by 20% and then by 40%, the loss rate for the
40% reduction would simply be double that for a 20% reduction, but the loss rate for a
40% reduction is more than double. Therefore, the losses increase superlinearly relative to
the reduction rates. These results can be explained by substitution. If a supplier delivers
a smaller supply than its preshock level because of import reduction and if there is no
substitution, the focal firm reduces its production. On the other hand, if the reduction in
inputs is compensated for by other suppliers to the focal firm, the reduction in production
at the focal firm is mitigated. In this case, it is easier to find a substitute for the input loss if
the input loss is small. This is the case because substitution happens only when another
supplier has surplus production capacity and such capacity is limited. As a result, a higher
rate of reduction causes higher value-added loss rates.

Complete connection model

Actual number model

Single-connection model

Figure 1. Simulation results (short term). These bar plots show the value-added loss percentages.
The bar plots are not stacked but cumulative. For example, the darkest orange color for the 80%
reduction rate shows the difference in value-added loss relative to that of a 60% reduction rate. The
horizontal axis shows the value-added loss rate, which is the lost value added that would have been
obtained if there had been no exogenous shocks divided by the value added without shocks. Each
bar corresponds to a shock duration. The upper, middle, and lower panel rows correspond to the
results for the complete connection, actual number, and single-connection models, respectively.
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Complete connection model

Actual number model

Single-connection model

Figure 2. Simulation results (long term). The setup of the figure is the same as that for Figure 1. The
horizontal axis shows the rate of value-added loss, which is the lost value-added that would have
been obtained if there had been no exogenous shocks divided by the value added without shocks.
The bar plots are not stacked but cumulative. Each bar corresponds to a shock duration. The upper,
middle, and lower rows correspond to the results of the complete connection, actual number, and
single-connection models, respectively.

4. Discussion and Conclusion

This study showed how import and export shocks are propagated through domestic
supply chains using actual Japanese supply-chain data and the WIOT. To connect firm-level
supply chains to the input-output table, we proposed the complete connection, actual
number, and single-connection models. Then, we estimated the value-added losses of
Japanese firms caused by shocks originating in China, the EU and the US, and globally
with different shocks magnitudes and durations.

The value-added loss rates differ with respect to where the shocks start. However,
note that the losses triggered by the EU and the US and China are comparable to the global
shocks even if the shares of trade for Japan are approximately one quarter and one fifth.
Moreover, the comparison between models shows that the assignment of international
connections to firms is very important, which indicates that the sectoral supply-chain
data and model are insufficient to analyze realistic behavior. Instead, firm-level data
and models are required. The losses increase sublinearly as the duration extends and
superlinearly as the reduction rate increases, which are explained by the saturation speed
and substitutability, respectively.

Since the present study discusses international shocks to Japanese firms, the results
and the interpretations may not be applicable to other countries. For example, monocultural
countries or countries highly dependent on imports or exports may have different behavior
from that described in the present study. However, the importance of the present study is
to show that firm-level supply-chain analysis differs from sector-level analysis. In fact, the
scenarios of the countries show complicated behaviors that do not appear in the sector-level
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analysis, and the different durations and strengths of impacts also behave in a complicated
manner that also does not appear in a sector-level analysis.

Most interpretations of our results concern imports, i.e., the supply side, since unlike
supply-side disruption, there is no amplification for demand-side disruption. However,
there are no connections between country sectors and the circulation of negative shocks
between them can be nonlinear, and this is one of the limitations of this study. This issue
falls beyond the scope of the present study.

Other limitations of this study should be mentioned. Since the number of connections
between domestic firms and foreign sectors and their volumes are estimated, the results
obtained in the present study may deviate from actual behavior. However, with limited
data, our results can be considered some of the best estimations currently available. If
data on every firm’s import and export targets and their volume could be obtained, the
estimations would be more precise. As mentioned above, we assume that supply chains are
fixed in the model. In addition, our model ignores the prices of products and wages, which
are incorporated in Colon et al. (2019); Otto et al. (2017). Our model assumes that similar
to manufacturing inputs, service sector inputs can be stored as inventory. The domestic
supply-chain data report only the locations of firm headquarters and not the locations of
firm branches. Because firm headquarters are concentrated in Tokyo, production activities
in Tokyo are most likely to be overvalued in our analysis.

As a future research direction, the author is collecting complete firm-level international
trade data. Since the international trade data for each firm are estimations based on the
models in the present study, a new study using the actual trade data would make it
possible to discuss more realistic behavior of the international shocks and to verify the
model proposed in the present study.
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