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ABSTRACT
Due to its geographic location, Taiwan frequently experiences severe
natural disasters (for example earthquakes and typhoons) that sig-
nificantly interrupt business operations and subsequently cause
extensive financial losses. Prior work on economic losses resulting
from such natural disasters in Taiwan has not considered regional
and sectoral spillover effects. In this work, we estimate the eco-
nomic impacts resulting from the 1999 Chichi earthquake, the
2009 typhoon Morakot, the 2016 Tainan earthquake, and the 2016
typhoonMegi.Wedo so in thenewTaiwanLab, a collaborative virtual
laboratory that is capable of generating a time-series of subnational
multiregional input–output (MRIO) tables, capturing interregional
transactions among 267 sectors across Taiwan’s 22 city-counties.
We identify critical economic sectors in regions of high vulnerabil-
ity to natural disasters. Our research is, thus, a credible reference
to decision-making that determines regional and sectoral prioritisa-
tion for damage mitigation, improved resiliency, and faster recovery
schedules.
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1. Introduction

The rapid industrialisation of Taiwan during the 1950s and 1960s created a prosperous
industrial economy and transformed Taiwan into one of Asia’s economic miracles, along-
side Hong Kong, South Korea and Singapore. Since then Taiwan became a crucial part
of the world economy, especially in high-tech manufacturing. In 2016, Taiwan was a key
supplier in the world market for semiconductor manufacturing equipment, with roughly
25% of the market share (Blouin, 2017). For many years, Taiwan also leads the world in
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contract manufacturing of information and computer technology (ICT) equipment. High-
techmanufacturing sites sprang up inmany areas of Taiwan – Taipei, NewTaipei, Taoyuan,
Miaoli, Hsinchu, Taichung, Tainan and Kaohsiung – ultimately comprising about a third
of Taiwan’s gross domestic product (GDP). Manufacturing, thus, replaced agriculture as
the island’s leading sector. In fact, in 2016 the latter contributed only 2% of GDP (National
Statistics, 2017e).

Taiwan’s prosperous economy is often interrupted by severe natural disasters. The 1999
Chichi earthquake, for example, damaged many business facilities and resulted in exten-
sive financial loss across the breadth of the island’s economy. Ultimately, 100,000 people
become homeless, 9,000 industrial sites were damaged, and 4 million households lacked
water supply; a power blackout covered north and central Taiwan for ten days. The Chichi
earthquake resulted in a 0.5% correction in the island’s 1999 GDP growth (Dong et al.,
2000).

Taiwan frequently experiences natural disasters. This results from its geographic posi-
tion within the circum-Pacific seismic zone. Indeed, record shows that 20,000 earthquakes
occurred there between 1604 and 1988 (Chang, 1996). Seismic activity on Taiwan was par-
ticularly high from 1991 to 2014 at 18,000 earthquakes per year (Central Weather Bureau,
2017a). On 6 February 2018, an earthquake that hit 6.4 on the Richter scale struckHualien,
injuring more than 100 people (The Guardian, 2018).

From 1911 to 2015, a total of 360 typhoons made landfall in Taiwan – an annual average
of 3 to 4 typhoons (Central Weather Bureau, 2017b). Taiwan’s vulnerability to such devas-
tating natural disasters necessitates comprehensive disaster impact assessments to support
damage prevention and economic recovery.

1.1. Review of prior work on input–output-based disaster analysis

Input–output (IO) based disaster assessments enable the quantification of both the direct
and the indirect supply-chain impacts of a disaster. Since Cochrane (1974) a plethora of
publications has focussed on disaster analysis using IO tables and IO analysis, specifically.
In the last decade, Economic Systems Research has featured two special issues on the topic
(Okuyama, 2007; Okuyama and Santos, 2014). Many variants of IO-based models have
emerged that extend the fundamental IO calculus to incorporate temporal and spatial
scales (Santos and Haimes, 2004; Haimes et al., 2005; Donaghy et al., 2007; Yamano et al.,
2007). But most published IO disaster studies use a single-region IOmodel; they thus omit
the assessment of interregional and international spillover and feedback effects (Miller
and Blair, 2009). This is largely due to the inherent difficulties in constructing subnational
MRIO tables; intra-national interregional trade data tend not to be collected.

The availability of a global/subnational multiregional IO (MRIO) table is needed to
depict the interactions between different regions. At a global level, for example, the con-
struction of MRIO databases (Tukker and Dietzenbacher, 2013) enabled Schulte in den
Bäumen et al. (2014) to assess the multi-country economic impact of Coronal mass ejec-
tions (CMEs) on electrical grids. MacKenzie et al. (2012) and Arto et al. (2015) used the
OECD IO table and World Input–Output Database (WIOD), respectively, for measuring
the global economic impacts of the 2011 Japanese earthquake and tsunami. At a subna-
tional level, researchers used multiregional models to analyse the spillover effects of three
floods in Rotterdam, The Netherlands (Koks and Thissen, 2016), flooding in eastern and
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southern Germany (Schulte in den Bäumen et al., 2015), Hurricane Katrina’s landfall in
Louisiana,USA (Hallegatte, 2008), and a tropical cyclone inQueensland,Australia (Lenzen
et al., 2019).

In this work, we demonstrate the functionality of MRIO framework for the assessment
of spillover effects resulted from natural disasters using a case study of Taiwan. There have
been prior attempts to quantify the effects and impacts of natural disasters in Taiwan.Most
of the research that touches upon the social and economic dimensions of post-disaster
human behaviour. It discusses the consequent reduction in worker productivity (Tsai et al.,
2012), the psychological and behavioural change as embodied in fear and risk (Huan et al.,
2004), the loss and recovery of tourism (Liu, 2014), and the assessment of risk and man-
agement on the hospitality sector and high-techmanufacturing (Tsai and Chen, 2010). Lin
et al. (2012) used an MRIO model of Taiwan to estimate the economic impacts of two
scenario earthquakes for a year.

Despite all of the above, a comprehensive, detailed assessment of natural disasters in
Taiwan remains lacking. The importance of this gap cannot be overemphasised due to the
high rate of disaster occurrence, as well as the tremendous economic losses and uncertainty
that accompany each event. The sheer mass of the above work points to the importance of
understanding intersectoral consequences in a disaster context, in particular for commu-
nities and/or organisations that need public assistance and policy attention. The indirect
losses of sectors and regions can only be understood well through the interregional mod-
elling approach. Hsu et al. (2013), for example, estimate the earthquake vulnerability of
hi-tech manufacturing in Taiwan; but they fail to assess economic losses emanating from
disaster-generated supply-chain disruptions.

1.2. This study

The occurrence and consequences of disasters tend to be highly localised. Combine this
with an equally differentiated regional economy, and it becomes clear that assessing indi-
rect effects from disasters in Taiwan requires a regionally and sectorally detailed data
foundation. The specific regional and sectoral nature of disaster impacts necessitate a
particular subnationalMRIO table that features a) very recent data, and b) detail where dis-
aster impacts are expected to be significant. But in Taiwan, and elsewhere, existing MRIO
databases tend to be insufficiently spatially detailed to enable meaningful disaster analyses,
not to mention the required sectoral resolution and vintage. Moreover, whilst studies on
losses resulting fromnatural disasters usually focus on leftover capacity (UNESCAP, 2018),
we examine alternative definitions of loss in terms of value added. This is the key novelty
of our work: We develop1 a new virtual laboratory – the TaiwanLab – that is capable of
constructing detailed subnational MRIO tables for Taiwan for the period 1990–2016 that
can be tailored to a set of specific disaster analysis questions. A virtual lab is an innovative
and compelling solution to the current gap of flexible and timely MRIO tables for disaster
analysis. Taiwan is a great illustration of this innovation, but also interesting one, because
the country is small and unexpectedly varied, especially with regard to the vulnerability of
its regions to disasters and their impacts.

1 Based on a collaboration between the University of Sydney in Australia and the National Cheng Kung University in Taiwan.
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Figure 1. Map of Taiwan.

A virtual laboratory is a collaborative research platform that enables the: a) timely
update of (multiregional) IO tables, a process that is otherwise a tedious and an expen-
sive, b) development of subnational IO tables that can be used for studying disaster-related
spillovers and feedback effects across regions in a country; and c) construction of a time-
series of IO tables, which allows the study of disasters across time (Lenzen et al., 2017). A
virtual laboratory also allows users to customise their MRIO tables to specific regions or
sectors, and integrate additional region- and sector-specific information. These capabilities
assist users in adapting theirmodelling framework to specific natural disasters, as these can
occur in specific, varying regions, and hit only particular sectors. The TaiwanLab is built at
high regional and sectoral detail, generating a time-series of MRIO tables consisting of 22
city-counties (see Figure 1) and 267 economic sectors (see Appendix 1 and 2.2). Because
of this unsurpassed detail, the TaiwanLab is able to capture linkages between disaster-hit
sectors and regions, and the remainder of the economy. At the time of this writing, no such
MRIO database exists for Taiwan.

Herein, we describe how using the TaiwanLab advances comprehensive regional assess-
ments of disaster impacts. To this end, we apply the TaiwanLab to four case studies of
natural disasters in Taiwan that have so far not been analysed. We include Taiwan’s dead-
liest earthquake as well as its deadliest typhoon in modern history – the 1999 Chichi
earthquake and the 2009 typhoon Morakot. We add to those the most recent earthquake
and typhoon at the time of this writing – the 2016 Tainan earthquake and the 2016 typhoon
Megi. These four cases are diverse in the way they affected regions and sectors. The earth-
quakes usually hit western Taiwan where the island’s financial and industrial centre are
located, while the typhoons land mostly in the agricultural locations in eastern Taiwan.
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This diversity is meant to showcase the utility of the TaiwanLab. Our contribution to dis-
aster analysis is therefore twofold: a) using a virtual lab to achieve the regional and sectoral
detail necessary to undertake disaster analysis at sufficient resolution, and b) analysing
four disasters in Taiwan that have never been studied before. We use a method proposed
by Steenge and Bočkarjova (2007) to determine regional and sectoral spillover effects.

2. Methods

2.1. MRIO database

2.1.1. Virtual laboratory technology
The TaiwanLab is a virtual laboratory built in a cloud-computing environment, similar to
those hosting the Australian Industrial Ecology Virtual Laboratory (IELab; Lenzen et al.,
2017), the Indonesian IELab (Faturay et al., 2017), the Chinese IELab (Wang, 2017) and
the Japanese IELab (Wakiyama et al., 2019). As with other virtual laboratories, the Tai-
wanLab supports remote access, harmonised data storage, automatic data processing, and
flexible regional and sectoral classifications. Lab users are able to access, update or integrate
a number of data sources, and choose their preferred regional and sectoral classifications,
to suit their specific disaster case studies. These characteristics overcome the difficulty and
time-consuming process of developing subnational MRIO tables.

The first step in constructing a subnationalMRIOdatabase in the TaiwanLab (see Figure
2) is to obtain national IO tables at the highest possible detail. Second, these national IO
tables are then disaggregated into subnational MRIO tables using nonsurvey regionali-
sation methods (Sargento et al., 2012), which are widely used techniques for generating
sub-regional MRIO tables using national IO tables as a starting point. The TaiwanLab
is currently equipped with ten different nonsurvey methods that can be flexibly selected
by users (see Appendix 4). We choose the cross-hauling-adjusted regionalisation method
(CHARM) over the traditional method (e.g. the simple location quotient, SLQ) to region-
alise the Taiwan national IO table. CHARM allows simultaneous export and import of a
commodity (cross-hauling) and avoids some downward bias in interregional trade transac-
tions (Többen and Kronenberg, 2015). Cross-hauling is the rule rather than the exception,
as implicitly assumed by SLQs. TheMRIO tables are tailored into 267 sectors, yet the indus-
trial groups are sufficiently large to accommodate heterogeneous products. For example,
manufacture of textile includes the conversion of fibre into yarn, and yarn into fabric. For
a comparison to CHARM, we present the Taiwan MRIO table using SLQ in Appendix 5.

The regionalisation of the national IO tables into subnational MRIO tables is accom-
plished using a proxy quantity describing the economic structure of a region in comparison
to the nation. Labour data are the preferred candidate for this proxy quantity since they
are available at a satisfactory level of disaggregation for all cities and counties, and for all
sectors. Taiwan’s regional employment data capture 22 city-counties and 267 sectors. This
detail is used as the root classification serving as a feedstock during the MRIO reconcilia-
tion process. The use of a root classification aims to consolidate various data classifications
into a single classification so that all user-specific classifications can be derived from one
and the same feedstock. To tailor the MRIO table to the users’ specific questions, lab users
select application-specific sectors and regions to be represented individually in the MRIO
table, and aggregate other sectors and regions. For example, to investigate the effects of
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Figure 2. Steps to construct MRIO tables in the TaiwanLab.

the 2016 Tainan earthquake, the important sectors are agriculture, livestock, forestry, and
fishery products, whilst the important regions are Tainan, Kaohsiung and Pingtung. The
tailoring process then proceeds via the user setting up concordance matrices that cast the
root classification into the earthquake-specific classification. Detailed regional employ-
ment and Census data for agricultural industries in Tainan, Kaohsiung and Pingtung are
then used to support the regionalisation of the MRIO table. In this way, the geography
of Taiwan can be ‘used’ to inform specific disaster-related questions. In this study, four
disasters are simultaneously examined, impacting virtually the entire Taiwanese economy,
and every city/county. Therefore, we generated full MRIO tables at root classification, and
then investigated the spillover effects of Taiwan natural disasters to all possible sectors and
regions.

Third, based on the user’s choice of sectors, regions and the nonsurvey regionalisation
method, we extract the national and specific regional data that are needed to regionalise the
national table.Most nonsurvey regionalisationmethods, such as the location quotients and
cross-hauling variants available to the TaiwanLab, apply regional weights – here derived
from the labour census – to regionalise a national table. The user’s choice of regionalisation
method is independent of their choice of sectoral and regional classifications.

Fourth, the outcome of this regionalisation process is an initial estimate of the MRIO
table. It is a preliminary estimate or prior to start a reconciliation process, in which bal-
ance conditions and a set of constraints are enforced. Reconciliation is carried out using
an automatic system, known as AISHA (Automated Integration System for Harmonised
Accounts, Geschke et al., 2014). A number of data sources are then used to simultane-
ously constrain the Taiwan MRIO tables, such as the series of national IO tables, national
accounts, and the labour census (see Section 2.1.2 and Table 1).
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Table 1. Primary data for the TaiwanLab.

Data Years Regions Sectors
MRIO part
constrained Source

1. National Input–Output Tables National Statistics
(2017b)

a. 162 sectors 2001, 2006 1 162 ID, FD, VA
b. 166 sectors 2011 1 166 ID, FD, VA

2. National Accounts National Statistics
(2017e)

a. GDP by expenditure 1990–2016 1 6 FD, Exp, Imp
b. GDP by sector 1990–2016 1 63 VA
c. Gross output 1990–2016 1 63 GO
d. Intermediate consumption 1990–2016 1 63 ID

3. Census
a. Industry and Service Census 2001, 2006, 2011 22 241 Proxy for

regionalisation
National Statistics

(2017d)
b. Agriculture, Forestry, Fishery

and Animal Husbandry Census
2000, 2005, 2010 22 20 Proxy for

regionalisation
National Statistics,

(2017a)
c. Public Services and Education

Census
2001, 2006, 2011 22 6 Proxy for

regionalisation
National Statistics

(2017c)

Notes: ID = Intermediate Demand, FD = Final Demand, VA = Value-Added, Imp = Import, Exp = Export, and
GO = Gross Output. The text under column header ‘MRIO part constrained’ describes the specific MRIO elements that
are constrained by the respective data source. The text ‘Proxy for regionalisation’ means that the respective data source
was used in our approach when disaggregating the national IO tables into regions.

Fifth, the final MRIO table for one year is used as the initial estimate for the following
year, and the procedure repeats. This multistep process allows us to construct regionally
and sectorally detailedMRIO tables for any given year between 1990 and 2016. To this end,
we obtained the balancedMRIO tables tailored to specific datasets for the years 1999, 2009,
and 2016. These years correspond to those in which the four natural disaster case studies
occurred.

2.1.2. Data sources
Table 1 shows the raw data used for the development of Taiwan’s MRIO tables. The 2011
national IO tables obtained from National Statistics of Taiwan are the main source for the
construction of the initial estimate (National Statistics, 2017b). A number of data items are
used to constrain MRIO elements, namely the 2001 and 2006 national IO tables (National
Statistics, 2017b), a set of national accounts from 1990 to 2016 (National Statistics, 2017e),
and detailed regional employment data at the city-county level. The latter contain 241
sectors in the Industry and Service Census (National Statistics, 2017d), 20 sectors in the
Agriculture, Forestry, Fishery, and Animal Husbandry Census (National Statistics, 2017a),
and 6 sectors in the Public Services and Education Census (National Statistics, 2017c).

2.2. Disaster case study of Taiwan

2.2.1. Disaster events in Taiwan
Since 1990, a total of 96 catastrophic earthquakes have occurred in Taiwan, most had their
epicentre in open sea off the island’s east coast (Central Weather Bureau, 2017a). The
Chichi earthquake in Nantou County on 21 September 1999 was the deadliest in modern
Taiwanese history. It measured 7.3 on Richter scale with tremors felt across the island and
killing at least 2400 people. It caused extensive damages to buildings, public infrastructure,
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and electricity and water networks. The total damage was estimated at 300 billion NewTai-
wan Dollars (NT$; 1 US$ ≈ 31 NT$) or about 3% of Taiwan’s GDP in 1999 (Tsai et al.,
2013). After the 1999 Chichi earthquake, the next most deadly earthquake occurred in
Tainan on 6 February 2016. It measured 6.4 in moment magnitude, caused 114 casualties,
and resulted in NT$ 1 billion in damage (Vervaeck and Daniell, 2016).

Taiwan is also vulnerable to typhoon landings, which bring excessive rainfall and severe
flooding. Morakot, the deadliest typhoon to strike Taiwan in modern history, battered the
island on 8 August 2009. At least 677 people were killed, 1612 houses were destroyed and
financial losses reached NT$ 90 billion (Yang et al., 2014). Despite crossing the central
regions, the strong winds and heavy rain accompanying the typhoon triggered a mas-
sive landslide and severe flooding throughout southern Taiwan. On 25 September 2016,
typhoonMegimade landfall inHualien County in eastern Taiwan. The 1015mmof rainfall
from typhoon Megi caused NT$ 1 billion in agriculture losses (Hsu-min et al., 2016).

2.2.2. Methods
Weuse themethod proposed by Steenge and Bočkarjova (2007) to study post-disaster con-
sumption possibilities resulting from four selected disasters that hit Taiwan between 1999
and 2016, as described in Section 2.2.1. Roughly speaking, we may divide the literature on
disaster analysis within an interindustry setting into three strands. On the one hand, the
computable general equilibrium (CGE) approach (see e.g. Okuyama, 2007) allows mod-
elling some behavioural aspects. But such models can take enormous amounts of time and
labour to build. On the other hand, IO (see e.g. Okuyama and Santos, 2014) yields sim-
ple and somewhat more tractable model that is relatively easy to build. A third is systems
econometric time-series models (see West and Lenze, 1994) showing how recovery will
likely roll out over time in the case of smaller disasters. But there is no a single ‘one size
fits all’ approach exists. Different (types of) disasters induce different economic behaviour
that require different modelling approaches.

For example, within the IO approach, the inoperability model has been widely applied
(see Greenberg et al., 2012, for its importance). Recently, however, Dietzenbacher and
Miller (2015) noted that this model is at best a mild variation of the supply-side model
conceived by Ghosh (1958). In a similar vein, Oosterhaven (2017) points at other short-
comings, including the inability of the inoperability model to handle supply disruptions.

In the present paper, we take supply shocks as our starting point. Instead of building a
supply-driven model (Ghosh, 1958) or using nonlinear programming techniques (Ooster-
haven and Bouwmeester, 2016), we use a linear programming model in connection with
the so-called event matrix as proposed by Steenge and Bočkarjova (2007). In principle,
their idea is simple. A disaster or disruption leads to damages and a reduction in pro-
duction capacity. To this end, Steenge and Bočkarjova (2007) introduce the concept of a
so-called eventmatrix that identifies the reduction in production capacity that results from
some event. They assume that capacity if fully employed, which then yields the immedi-
ate post-disaster output levels. A consequence can be that the sum of final demands and
intermediate inputs (necessary to produce the post-disaster output) are larger than the
post-disaster outputs. In other words, total demands are larger than total supply and the
economy cannot self-reproduce. They then discuss possibilities for the recovery process.
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In our paper, we follow Steenge and Bočkarjova (2007) and assume that production
capacity is reduced due to damages from a disaster. But we do not assume the produc-
tion capacity is fully employed2 as they originally propose. Rather we require that outputs
are not larger than the production capacity. Secondly, we do not start from given final
demands. Rather we require that the intermediate input demands do not exhaust outputs.
That is, the net output, i.e. output that is used to meet final demands, must be nonnegative.
These two requirements define a set of feasible solutions (i.e. output levels) from which
we select the one that maximises the sum of outputs.3 That is, we adopt a linear program-
ming approach. After we obtain the optimal post-disaster output levels, we calculate the
loss in value-added as an indicator of the impact of a disaster4. We focus on a single year
of impacts and ignore any dynamics of post-disaster period.

2.2.2.1. Technical details. Steenge and Bočkarjova (2007) require information about
reductions in production that can result directly from a disaster, such as damages to pub-
lic facilities, agriculture, manufacturing sites, and utilities. This information is assembled
in the so-called event matrix γ̂ that quantifies the relative loss in total output by specific
region and sector. We follow this approach by defining a diagonal event matrix γ̂ with ele-
ments γi, which indicate the share of the output in industry i that is lost. In addition to
the event matrix γ̂ , our method requires known the pre-disaster total output vector x0 and
the matrix A with the economy’s production recipe. The outcomes of our method are the
post-disaster outputs x̃ and the net outputs for final demand purposes ỹ = (I − A)x̃.

We determine the post-disaster output by maximising economy-wide total output
max

(∑
x̃i

)
, subject to two conditions. First, x̃ ≤ (I − γ̂ )x0, where I is an identity matrix.

Our second condition is that post-disaster net outputs are nonnegative, ỹ ≥ 0. Since coeffi-
cients inA remain the same as pre-disaster, the economic structure is unchanged. Thus, we
assume businesses are unable to recover their original production status through import
substitution and factor substitution (capital vs. labour) at least in the short run. The
overall linear programming problem becomes max

(∑
x̃i

)
subject to x̃ ≤ (I − γ̂ )x0 and

ỹ = (I − A)x̃ ≥ 0.
Tomeasure the severity of the disaster one usually adopts the loss of capacity. This would

be e′(I − γ̂ )x0 − e′x̃ = ∑
i[(1 − γi)x0,i − x̃i], where e indicates the summation vector of

ones. In the present study, we use the value-added loss, which is determined by the dif-
ference between the post-disaster value-added q̃ and the pre-disaster value-added q0. In
order to estimate the value-added loss q0 − q̃, we need the vector of value-added coef-
ficients (i.e. value added per unit of output). Let the vector of pre-disaster values-added
be given by q0. The vector of value-added coefficients then yields v = x̂−1

0 q0. Vectors are
columns by definition, row vectors are transposed column vectors. The estimate for the
total post-disaster value-added is q̃ = v′x̃ and the loss in value-added yields q0 − q̃ =
v′(x0 − x̃).

2 Oosterhaven and Többen (2017) show in an IO context that full capacity utilisation leads to substantially higher indirect
disaster impacts. A similar findingwas reported by Hallegatte and Ghil (2008) using a systems time-seriesmacroeconomic
model.

3 In the context of underutilised capacities, excess demand (households can consume less than desired due to the disaster)
and prices fixed (as always in the quantity IO model), maximising output implies profit maximisation.

4 Natural disasters can yield positive impacts to regions or sectors that are not directly affected (cf. Carrera et al., 2015; Koks
and Thissen, 2016; Oosterhaven and Többen, 2017).
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2.2.2.2. An example of spillover calculation. Take the numerical example in Steenge and
Bočkarjova (2007), where the event matrix has been adapted. That is,A = [ 0.25 0.4

0.14 0.12
]
, x0 =[ 100

50
]
, y0 = [ 55

30
]
, and I − γ̂ = [ 0.2 0

0 0.8
]
.

The condition x̃ ≤ (I − γ̂ )x0 implies that x̃1 ≤ 20 and x̃2 ≤ 40, and the condition
(I − A)x̃ ≥ 0 implies that 0.75x̃1 ≥ 0.4x̃2 ⇔ x̃2 ≤ (75/40)x̃1, and 0.14x̃1 ≤ 0.88x̃2 ⇔
x̃2 ≥ (14/88)x̃1. In Figure 3, we have the shaded area with feasible solutions. Anything
below the line x̃2 = (75/40)x̃1 gives values ỹ1 > 0 and anything above x̃2 = (14/88)x̃1
gives ỹ2 > 0. The solution for maximising total output max

(∑
x̃i

)
, where both x̃ ≤

(I − γ̂ )x0 and ỹ = (I − A)x̃ ≥ 0 is x̃ = [ 20
38

]
and ỹ = [ 0

30.2
]
.

Note that the optimal outputs do not absorb the maximum available capacity. If the
output levels would equal capacity the net output of industry 1 would become negative.
That is, if x̃ = (I − γ̂ )x0 = [ 20

40
]
, then ỹ = (I − A)x̃ = [ −1

32.4
]
.

If we set I − γ̂ = [ 0.25 0
0 1

]
, industry 2 does not experience a direct disaster hit. The opti-

mal solution is x̃ = [ 25
47

]
and ỹ = [ 0

37.75
]
. Observe that although industry 2 is not affected

directly by the disaster, it is in an indirect way. This shows that industry spillovers may
occur despite the disaster being restricted to one industry. If a multiregional model is used,
this finding extends to regional spillovers.

2.2.2.3. Alternative objective functions. In the example above and in the empirical appli-
cation in Section 3, wemaximise the sum of the gross outputs. It should be stressed though
that our linear programming approach is very flexible and allows for many alternative
objective functions. As the term indicates, the function one chooses depends on one’s
objective. It may reflect economic behaviour or the goals of policy-makers, it may also
be normative and based on political viewpoints.

Figure 3. Feasible solution space for x̃ ≤ (I − γ̂ )x0 and ỹ = (I − A)x̃ ≥ 0, for the example in Section
2.2.2.2.
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In what follows, we describe several examples of alternative objective functions. The
objective function depends on the question(s) one would like to answer and should be
chosen very carefully. Therefore, we illustrate some of the more plausible and more com-
mon objective functions. First, the aim might be to keep the post-disaster outputs closest
to the pre-disaster outputs. The objective function then becomes Z = ∑

i (x̃i − x0,i)
2. The

optimisation problem is to find the values x̃i that minimise Z, subject to the constraints.
Second, Oosterhaven and Bouwmeester (2016, p. 586) ‘simulate the back to business-as-

usual behaviour of economic actors . . . [and] minimise the difference in the information
value of the post-event compared to the pre-event market equilibrium as measured by
the . . . input-output table’. As an alternative, one may consider firms that try to stick to
their pre-disaster business patterns as close as possible. This might be modelled by requir-
ing that the new outputs are proportional to the original outputs. This implies an additional
set of constraints, i.e. x̃i = λx0,i∀i. The optimisation problem then would be to find the
maximum value of λ, subject to the constraints.

Third, the objective functionmight be defined in terms of the consumption possibilities
ỹi. Recall that the model is such that the output levels are chosen (or given) exogenously.
This means that also the intermediate inputs Ax̃ – that producers need – are predeter-
mined for any given x̃. Post-disaster final demand is then determined endogenously as the
residual, i.e. ỹ = (I − A)x̃; it is what is left of the outputs after the intermediate deliveries
have been satisfied. These leftovers are to satisfy consumption. We may choose to max-
imise total consumption (

∑
i ỹi) or we may attach weights to the consumption of separate

goods. Natural disasters destroy homes, agriculture, and business assets. At the same time,
people require basic goods (like food, clothing, housing) to survive. Therefore, we might
give basic goods large weights and luxury goods (like cars or travelling for touristic pur-
poses) small weights. In that case, the objective function becomes Z = ∑

i wiỹi, which can
be rewritten as Z = ∑

i μix̃i with μi = wi −
∑

j wjaji.
Fourth, the measure for the severity of the disaster might be adopted as the objective

function. If the loss of capacity is used, we might use as the objective to minimise this
loss. That is, minimise Z = ∑

i[(1 − γi)x0,i − x̃i], which can be rewritten asmaximise Z =∑
i x̃i. Note that this is exactly the same as the objective function thatwe are currently using.

If the value-added loss is chosen as the evaluation criterion, we might use to minimise
that measure. That is, minimise Z = ∑

i vi(x0,i − x̃i), which is the same as maximise Z =∑
i vix̃i.

2.2.2.4. Event matrix γ̂ . In order to populate the event matrix γ̂ for the four disasters,
we use the information on financial damages from public sources such as government and
NGO reports, academic journal articles, and government statements in online media. To
give an example, in the case of the 1999 Chichi Earthquake, the information of the direct
losses includes:

• electric power outages lasted for 1–2 weeks mostly in central and northern Taiwan and
caused severe business interruptions (Chang, 2000);

• farmers in central Taiwan experienced significant losses in their facilities, and the
reconstruction costs were estimated at NT$ 26.2 billion (Low, 1999);

• tourism lost revenue worth NT$ 1 billion (Chuang, 1999);
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• transportation and communications infrastructure needed repairs valued at NT$ 10
billion across all areas (Chang, 2000); and

• general damages to communities, estimated using the post-disaster reconstruction
funds (e.g. public and community reconstruction), costed NT$ 212.4 billion to the
Taiwan government budget (Tsai et al., 2013).

Some of the above informationwas not available by region, but instead as a total only.We
dealt with such circumstances as follows. In the absence of detailed information about eco-
nomic impacts in specific regions, we used data on the region-specific damages to buildings
(Tsai et al., 2000) to disaggregate the direct economic effects of the earthquake to all cities
and counties. In addition, we used data on the length of city-county highways to allocate
total damages to regions as incurred by the transportation and communication sectors.

It is less straightforward to estimate the production shortfalls, which might arise due to
damaged infrastructure. The input of fixed capital (FC) – in formof depreciation – into pro-
duction is part of value-added. FC is often –most certainly so in Taiwan – lumped together
with Gross Operating Surplus (GOS). Since FC ≤ GOS, the ratio gi = xi/GOSi ≤ xi/FCi
provides a lower limit for the industrial output of sector i enabled by the annual input of
fixed capital. To estimate the reduction in sectoral total output due to infrastructure dam-
ages, we utilise an approach outlined in Lenzen et al. (2019). Here, we follow Hallegatte
(2008) in assuming that a) the infrastructure loss is equivalent to a loss of fixed capital
inputs, annualised over a 25-year time-frame, and that b) the reduced output of the dam-
aged industries is approximated by the value of this loss multiplied by the output-enabling
ratio gi. Thus, we arrive at a lower limit – i.e. a conservative estimate – for the produc-
tion shortfalls due to damaged infrastructure, which we enter as a separate component of
the event matrix γ̂ for capital losses (representing around 20% of total losses for the four
disasters investigated). An event matrix γ̂ containing both direct and capital damage com-
ponents is shown for the 1999 Chichi Earthquake for 22 regions and 9 sectors in Table 2.
We apply the aforementioned methods to construct the event matrices γ̂ for other natu-
ral disaster covered in this paper, including the 2009 typhoon Morakot, the 2016 Tainan
earthquake, and the 2016 typhoon Megi (see Appendix 6).

2.2.2.5. Production-layer decomposition. Production-layer decomposition analysis
(Lenzen et al., 2019) is then performed to decompose losses in value-added across
upstream layers of production resulting from the case studies. Recall that we have defined
ỹ = (I − A)x̃. This implies x̃ = (I − A)−1ỹ = Lỹ. We can do the same for the pre-disaster
values. That is, y0 = (I − A)x0 or x0 = Ly0. The production-layer decomposition is
determined by q0 − q̃ = v′(x0 − x̃) = v′L(y0 − ỹ) = v′(I + A + A2 + . . .)(y0 − ỹ). Here,
(y0 − ỹ) is the reduction in consumption possibilities (Steenge and Bočkarjova, 2007).
Specifically, we quantify value-added losses broken down by sectors and by regions of
the upstream supply chain. Upstream production-layers are shown on the x-axis, with 0
representing the value-added loss in sectors affected immediately by the reduction of con-
sumption possibilities (y0 − ỹ), 1 being the value-added loss experienced by the suppliers
of sectors in layer 0, and so on.
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Table 2. Event matrix γ̂ for the 1999 Chichi Earthquake.

Agr Min Man Uti Con Trade Trans Fin Ser

Hsinchu County 0.0099 – – 0.0241 – 0.0001 0.0016 – 0.0002
Taoyuan 0.0038 – – 0.0230 – 0.0000 0.0002 – 0.0000
Yilan – – – – – – – – –
Hsinchu City 0.0880 – – 0.0335 – 0.0001 0.0004 – 0.0002
Keelung – – – – – – – – –
New Taipei 0.2361 – – 0.0296 – 0.0002 0.0029 – 0.0006
Taipei 0.0786 – – 0.0324 – 0.0000 0.0000 – 0.0002
Changhua 0.0153 – – 0.0248 – 0.0003 0.0235 – 0.0007
Miaoli 0.0942 – – 0.0313 – 0.0022 0.0482 – 0.0031
Nantou 0.6154 – – 0.0310 – 0.0270 0.4047 – 0.0400
Yunlin 0.0153 – – 0.0326 – 0.0008 0.0330 – 0.0011
Taichung 0.3762 – – 0.0305 – 0.0020 0.0280 – 0.0053
Chiayi County 0.0007 – – 0.0245 – 0.0001 0.0034 – 0.0001
Penghu – – – – – – – – –
Pingtung – – – – – – – – –
Chiayi City 0.0035 – – 0.0302 – 0.0000 0.0001 – 0.0000
Kaohsiung – – – – – – – – –
Tainan – – – – – – – – –
Hualien – – – – – – – – –
Taitung – – – – – – – – –
Kinmen – – – – – – – – –
Lienchiang – – – – – – – – –

Notes: It is possible some manufacturing firms also directly experienced facility damages, however, we do not include any
losses for the manufacturing sectors since these stems mostly from electric power outages, which we already capture in
our supply-chain calculus. For sector names see Appendix 2.

3. Results

Before delving into the description of the results for our disaster impact assessment, we
should briefly describe the multiregional economic features that emerge from our Tai-
wanMRIO database. This description should aid in understanding the characteristics and
significance of the distribution of regional disaster impacts and their relationships with
Taiwan’s economic geography. Therefore, we first present Taiwan’s economic structure as
represented by the TaiwanLab’s MRIO, and then refer to these features when describing
the regional and sectoral impacts – including spillovers – of the four disasters.

3.1. Taiwan’s economic structure

The TaiwanLab has built-in data repositories and tools for constructing a time-series of
MRIO tables for the Taiwan economy from 1990–2016, distinguishing up to 267 indus-
try sectors for 22 city-counties. The tables are valued in millions of NT$. To demonstrate
the capability of virtual laboratories for disaster analysis, we use the TaiwanLab to con-
struct MRIO tables for years 1999, 2009, and 2016, which correspond to the years of
our natural disaster case studies. For the sake of conciseness in presenting our findings
only, we aggregate the 267 industry sectors represented in the MRIO tables into 9 broad
categories: agriculture (including livestock, forestry, and fishery); mining and quarrying;
manufacturing; utilities; construction; trade, hotels and restaurants; transportation and
communication; financial services (including real estate, and business services); and other
services.
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Table 3. Taiwan’s regional output for the year 2016 (in NT$ billion).

Agr Min Man Uti Con Trade Trans Fin Ser

Hsinchu County 22.2 2.2 659.1 12.0 36.0 91.6 34.2 75.3 80.4
Taoyuan 18.1 0.6 2461.5 33.1 119.3 394.1 195.7 305.5 172.6
Yilan 19.0 1.4 203.2 32.6 38.3 70.5 25.4 42.4 86.7
Hsinchu City 8.3 0.9 761.7 17.5 41.9 108.8 37.6 113.8 89.6
Keelung 2.3 0.6 93.1 73.8 23.2 46.4 59.3 29.3 76.7
New Taipei 12.7 0.4 2759.6 41.5 280.5 708.1 279.1 515.3 437.1
Taipei 6.5 0.9 1360.6 63.5 85.9 1130.8 765.3 1714.2 872.8
Changhua 65.8 0.6 1145.1 14.4 36.6 184.3 47.7 106.0 174.6
Miaoli 29.0 6.7 424.2 34.4 35.0 77.1 27.8 57.2 85.5
Nantou 40.0 1.4 236.2 42.1 27.5 71.9 21.9 39.3 89.5
Yunlin 57.2 0.6 381.9 52.4 39.3 89.3 30.7 50.7 99.9
Taichung 57.2 1.0 2499.3 39.7 186.3 581.8 173.6 441.2 508.1
Chiayi County 43.7 0.4 290.8 12.4 28.5 62.6 19.8 37.5 79.6
Penghu 2.3 0.0 13.3 27.1 6.7 12.9 8.0 7.6 19.4
Pingtung 54.0 2.0 274.8 62.6 40.8 117.5 27.8 58.4 144.9
Chiayi City 4.6 0.4 80.7 33.5 14.6 54.3 16.0 39.0 76.4
Kaohsiung 67.3 0.7 1765.0 184.4 233.7 526.6 238.7 435.6 543.7
Tainan 70.8 0.6 1780.4 28.0 31.4 324.8 84.9 231.3 311.8
Hualien 14.5 2.6 85.6 54.9 23.4 55.1 23.8 31.7 78.8
Taitung 13.4 1.6 37.7 17.0 11.5 33.5 10.4 15.9 49.2
Kinmen 1.7 0.1 19.2 32.8 7.2 9.5 6.9 6.2 11.1
Lienchiang 0.1 0.0 2.3 4.2 1.9 1.4 1.9 1.0 2.8

Table 3 shows detailed outputs of 9 economic sectors in 22 Taiwan’s city-counties. The
leading manufacturing hubs are mainly Taoyuan (16% of the national total), New Taipei
(14%), Taichung (14%), Tainan (10%), and Kaohsiung (10%), while agricultural output
mainly stems from Tainan (12%), Kaohsiung (11%), Changhua (11%), Yunlin (9%), and
Taichung (9%). Taipei is the core of the nation’s economy. AlongwithNewTaipei (formerly
Taipei County) and Taoyuan, Taipei has become the primary host for national financial
services, and transportation and communication sectors with a combined output of more
than 60%of the island’s total output. Taipei also produces significant outputs in trade, hotel,
and restaurant sectors, and other services, representing a national share of 24% and 21%,
respectively. Northern Taiwan’s regions (Taipei, New Taipei, Taoyuan, Keelung, Hsinchu,
and Miaoli) maintain 50% of the national manufacturing. It is the island’s main home for
high-tech manufacturing such as electronic components, computer and optical products,
and electrical equipment, which is facilitated by the presence of science parks and easy
access to international ports.

Central and southern Taiwan each contribute around 20% of Taiwan’s total economic
activity. These regions produce a range of commodities: For example, city-counties in
central Taiwan (Taichung, Changhua, Nantou, and Yunlin) are the main producers of
leather, rubber, wood, and furniture. Regions in southern Taiwan (Chiayi, Tainan, Kaoh-
siung, and Pingtung) and also the aforementioned central regions are the main hubs for
agriculture, livestock, forestry, and fishery products. Producing two-thirds of Taiwan’s agri-
cultural output, city-counties in central and southern Taiwan have comparative advantages
in agriculture-related manufactured products, such as food and beverage manufactur-
ing. The central and southern regions have also significant mining-related industries
such as petroleum refineries, and basic metal manufacturing. The eastern regions of
Yilan, Hualien, and Taitung and the offshore regions of Penghu, Kinmen, and Lienchiang
contribute less than 4% to Taiwan’s economic activities.
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Figure 4. Heat map of the 2016 Taiwan MRIO table.

Note: The diagonal blocks of the intermediate demand and the final demand matrices show intra-
regional tradewithin the 22 city-counties; the off-diagonal blocks represent interregional trade between
different regions; and the blocks below the intermediate demand matrix are the imports and the
value-added matrices. Exports of goods and services are placed in a vertical column to the right of
the intermediate demand matrix. The cell colours indicate the magnitude of the trade transactions
on a log-scale. The Taiwan MRIO tables are valued in NT$1 million, hence the colour tone against a
value of 2 represents a transaction of NT$100m. Imp = Import, VA = Value-Added, Exp = Export, and
FD = Final Demand. For sector, FD, and VA names see Appendix 3.

In Figure 4, we display a heat map of the 2016 TaiwanMRIO table. The heat map allows
for a visual assessment of Taiwan’s inter-regional supply-chain structure. For example, the
dark row of matrices for Taipei indicate a high dependence of the other regions on Taipei.
The row ofmatrices of city-counties in northern Taiwan – Taipei (Taip), New Taipei (NTa),
Taoyuan (Tao), and Keelung (Kee) – show relatively large interregional trade flows, again
indicating how much the rest of Taiwan depends on this region.

3.2. Regional impact of natural disasters

The IO structure and data shown in Table 3 and Figure 4 clearly demonstrate that Tai-
wan’s economy is highly diversified and interconnected. In the following description of
the regional and sectoral impacts of the four disasters, we will refer to Table 3 and Figure 4
to highlight regional and sectoral spillover effects. Such spillovers occur, for example, when
a natural disaster occurs in a region with a high concentration of agricultural output and,
facilitated by interregional supply chains, the economic impact spreads to other regions
that depend on agricultural products as their inputs.
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3.2.1. Total output losses
The literature on economic losses resulting from the four natural disasters in Taiwan that
we examine does not mention any regional and sectoral spillover effects (Hsu et al., 2013).
Spillover effects occur when sectors and regions, which do not experience any direct effects
of the disaster, are negatively affected by supply chain interruptions. In particular, these
reports only document the direct impacts, i.e. impacts in directly affected regions. Reports
by the Taiwan’s Directorate General of Budget, Accounting and Statistics (Lin, 1999) and
the Risk Management Solutions (Dong et al., 2000), for example, estimated the economic
loss of the 1999 Chichi earthquake to be NT$ 290–380 billion. But these reports provided
no information about the economic spillover effects, whereas we suggest the 1999 Chichi
earthquake caused a total loss on the order of NT$ 508.3 billion (including an indirect loss
due to the upstream spillover effects of NT$ 177.7 billion). These total losses result directly
out of our maximisation of post-disaster total output x̃ ≤ (I − γ̂ )x0. By comparing x̃ and
x0, we can already identify the significance of regional spillovers. However, in the following
we will concentrate on our measure v′(x0 − x̃) of value-added loss.

3.2.2. Value-added losses
The 1999 Chichi earthquake resulted in the loss of NT$ 508.3 billion of value-added, 40%
of which occurred as sectoral and regional spillovers. Initially, the earthquake damaged
transportation links and the power plants, particularly around Taichung which is close
to the earthquake’s epicentre. The electricity outages affected the operation of many busi-
nesses nation-wide, and consequently,manufacturing and trade sectors encountered a total
loss of NT$ 159.5 billion and NT$ 123.2 billion, respectively. Almost half of the losses in
both sectors were felt in Taipei, New Taipei, Taoyuan, and Hsinchu, despite the distance
of these city-counties from the earthquake’s epicentre, because of the grid-wide effects of
power generation and transmission outages. OurMRIO-based analysis shows that the loss
of the northern manufacturing sectors, especially those producing computers, electronic
equipment, and motor vehicles, reduced interregional demand from Taichung’s machin-
ery, Tainan’s basic metal, and Kaohsiung’s chemical products. As a result, Taichung and
the southern regions of Kaohsiung and Tainan also experienced significant spillover loss
in the manufacturing sectors (worth NT$ 58.3 billion) and the trade sectors (worth NT$
38.3 billion).

The spillover effects from the damage of transportation links also triggered a drastic
reduction in the output of manufacturing and the trade sectors in the north. Based on the
MRIO structure, spillovers due to transportation and communication losses, such as in
airports, seaports, and telephone networks, amounted to NT$ 38.3 billion. Approximately
two-thirds of these losses were felt in New Taipei and other northern manufacturing hubs.
In this case, extensive damages to roads and bridges throughout Nantou, Taichung, Chiayi,
and Yunlin, and the railway tracks near Taichung (Dong et al., 2000) cut access to the north
for several weeks. This affected the freight delivery of critical inputs fromTaoyuan andNew
Taipei’s manufacturing sectors to their central and southern customers, and vice versa.

The financial, real estate, and business services sectors suffered substantial losses of NT$
95.4 billion following the week-long closure of the Taiwan Stock Exchange, the increase of
property insurance claims to NT$ 15.4 billion, and the payment reschedule of the mort-
gage debts (Chang, 2000). Most of the insurance claims and the bad credits occurred in
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Nantou, Yunlin, Changhua, Taichung, and Tainan. However, Taipei and New Taipei car-
ried most of the spillover effect in the financial sectors (worth NT$ 53.4 billion) because
these cities are the centre of the financial, real estate, and business services activities in
Taiwan.

The 1999 Chichi earthquake caused serious damage to public facilities such as schools
and hospitals. The total loss in public services was valued at NT$ 62 billion, and the effects
were felt across all regions. In particular, city-counties with a high seismicity experienced
higher loss than other city-counties.

The loss in agriculture, livestock, forestry, and fishery sectors was equivalent to NT$
11 billion, 60% of which was felt in the central regions of Changhua, Yunlin, Taichung,
and Nantou, where the earthquake’s epicentre was located. Since these cities and counties
supplied around 40% of the Taiwan’s agricultural outputs (see Table 3), the losses borne
by these regions spread to the downstream food and beverage factories in Taoyuan, New
Taipei, and Tainan, which in turn reduced the (semi-)processed food products supply to
restaurants in Taipei. Based on ourMRIOdatabase, the restaurant sectors in Taipei suffered
a value-added loss of NT$ 2 billion.

The 2009 typhoon Morakot resulted in a value-added loss of NT$ 71.9 billion. As the
typhoon triggered extreme flooding in the south, the majority of the losses (about 60%)
were felt in city-counties throughout southern Taiwan. Tainan experienced the largest loss
of all regions, approximately NT$ 13.4 billion, mostly in the agriculture, livestock, forestry,
and fishery sectors. Based on our MRIO data, Tainan’s agricultural damages reduced the
supply of raw agricultural products to Taoyuan and New Taipei’s food and beverage indus-
tries, leading to a value-added loss of NT$ 5.1 billion. The extreme flooding also caused
a combined loss of NT$ 13.6 to the agricultural sectors in southern regions of Pingtung,
Kaohsiung, and Chiayi, and central regions of Nantou, Taichung, and Yunlin. This in turn
affected the sizable agriculture-related manufacturing in all city-counties in central and
southern Taiwan: our results show that the typhoon caused an indirect loss of about NT$
6.9 billion in the manufacturing sectors of these regions.

Typhoon Morakot resulted in a combined loss of NT$ 18.5 billion for trade, hotel, and
restaurants, transportation and communication, and other services. Typhoon-triggered
damage to public facilities reduced tourism activities, passenger delivery, and education
services in Tainan, Kaohsiung, Pingtung, and Chiayi. As manufacturing activities, such as
supply delivery from Chiayi to Taoyuan, were also disrupted, the damage on public infras-
tructures spilled over to themanufacturing sectors in Taoyuan andNewTaipei. In addition,
the typhoon indirectly hit Taipei’s financial, real estate, and business services with a loss
worth NT$ 2.2 billion. This indirect loss mainly resulted from the spillover effects of the
increase in the insurance claims in Tainan, Chiayi, Pingtung, and Kaohsiung.

In the case of the 2016 Tainan earthquake, the value-added loss was about NT$ 1.9 bil-
lion. Since the epicentre of the earthquake was in the south, the southern city-counties
suffered approximately 80% of the total value-added losses. Most of the losses were felt
by education and recreation services sectors due to damages on local schools and tourism
monuments, and agricultural sectors due to damages on farming and livestock facilities.
In contrast to the 1999 Chichi earthquake, the spillover effects of the 2016 Tainan earth-
quake were relatively small since the earthquake caused no damage to essential business
facilities. While no structural damages were found on the national railway (Shu-Fen and
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Liu, 2015), the manufacturing activities in the high-tech factories in the Southern Taiwan
Science Park remained normal after the earthquake (Ya-Chen and Hsu, 2015).

The value-added loss resulting from the 2016 typhoon Megi amounted to NT$ 2.5 bil-
lion, about 40% of which was felt in agriculture, livestock, forestry, and fishery sectors.
Yunlin andTaichungwere the hardest-hit regions as the typhoonpassed through these city-
counties. The shortage of agricultural products fromYunlin, Taichung, Kaohsiung, Tainan,
and Yilan triggered a loss in the agriculture-relatedmanufacturing sectors in Taoyuan, and
New Taipei, which our MRIO data allow estimating at about NT$ 0.2 billion. Similarly,
Typhoon Megi also caused flooding in the south, in turn damaging farm fields, public
infrastructures and business sites, and resulting in an indirect loss of NT$ 0.2 billion in
Kaohsiung and Tainan’s manufacturing sectors. In Figure 5, we show the magnitude of the
value-added losses resulting from the 1999 Chichi earthquake, the 2009 typhoonMorakot,
the 2016 Tainan earthquake, and the 2016 typhoon Megi.

3.2.3. Production-layer decomposition of value-added losses
In what follows we present detailed results for the value-added losses resulting from 1999
Chichi Earthquake, particularly, since this disaster was the most destructive of the four
selected natural disasters. Results from the production-layer decomposition analysis reveal
that the 1999 Chichi earthquake resulted in NT$ 177.6 billion loss in value-added in the
upstream supply-chain, in addition to NT$ 330.4 billion value-added losses. Themanufac-
turing sectors, the trade, hotel, and restaurant, the financial services, and the transportation
and communication had the biggest fraction of this upstream supply-chain effect, equal to
NT$ 75.7 billion, NT$ 42.8 billion, NT$ 30.5 billion and NT$ 14.3 billion loss, respectively
(Figure 6, left panel). Meanwhile, the northern regions of Taipei, New Taipei, and Taoyuan
suffered high regional upstream supply-chain effect worth NT$ 32.9 billion, NT$ 26.9 bil-
lion, NT$ 21.4 billion, respectively (Figure 6, right panel). Such upstream supply-chain
effects are inevitable in the event of a disaster, since a likely shut-down of one particular
business results affects other establishments that depend on its outputs, or that supply its
inputs. As a result, the output of these dependent establishments will also be reduced. The
MRIO tables depict this inter-relationship between sectors across multiple regions, and
therefore serve as a comprehensive analytical tool for disaster assessments.

In the case of the 2009 typhoon Morakot, the 2016 Tainan earthquake, and the 2016
typhoon Megi, a further value-added loss in the supply-chain was worth NT$ 25.4 billion,
NT$ 0.5 billion, and NT$ 0.9 billion, respectively. As manufacturing and trade involved
relatively high supply-chain activities, approximately two-thirds of the value-added loss
occurred in these sectors.

In Table 4, we summarise the results of value-added losses of each natural disaster in
this study. The upstream supply-chain effect is approximately half of the magnitude of
value-added losses, leading to a multiplier of 1.4∼1.5. This means that for each NT$ of
value-added directly lost due to reduced consumption possibilities in the wake of a nat-
ural disaster earthquake or typhoon in Taiwan, a loss of 0.4∼0.5 NT$ in value added
should be expected due to regional and sectoral spillovers. The Taiwan impact multipli-
ers are slightly below the global multipliers (Okuyama and Sahin, 2009), which range from
1.8 to 2.0 depending on the type of natural disasters: meteorological 2.0, geophysical 1.9,
hydrological 1.8, and climatological 1.8.
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Figure 5. Regional value-added losses (direct plus spillovers) from four natural disasters in Taiwan.

Notes: ‘a’ and ‘b’ refer to direct and indirect losses, respectively. The dots represent the earthquakes’ epi-
centres, and the lines represent the typhoon paths. The Taiwan MRIO tables are valued in NT$ 1 million,
hence a value of 600 in the legend represents a value-added loss of NT$ 600 million.
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Figure 6. Cumulative value-added loss resulting from the 1999 Chichi Earthquake (in NT$ billion).

Table 4. Estimation of value-added losses.

1999 Chichi
earthquake

2009 typhoon
Morakot

2016 Tainan
earthquake

2016 typhoon
Megi

Total loss (NT$ billion) 508.0 71.9 1.9 2.5
a) Directly losses as a result of
reduced consumption possibilities

330.4 46.5 1.4 1.6

b) Indirect supply-chain losses
resulting from a)

177.6 25.4 0.5 0.9

Main sector affected Manufacturing Agriculture Services Agriculture
Main region affected Taipei City Tainan City Tainan City Yunlin County

4. Discussion

In this study, we reveal economic impacts of four selected natural disasters in Taiwan,
in particular resulting from business and public facility damages, as well as supply-chain
interruptions – two areas that researchers have found difficult to model in the case of Tai-
wan (Hsu et al., 2013). We assess the new TaiwanLab, a collaborative virtual laboratory
that is able to generate a time-series of subnational MRIO tables so analysts can capture
interregional transactions between 267 economic sectors across Taiwan’s 22 city-counties.

The TaiwanMRIO database appears to be able to enable comprehensive disaster impact
assessments. By yielding an understanding of the regional economic income distribution,
sectoral contributions, and interregional trade flows, the Taiwan MRIO database provides
a comprehensive picture of Taiwan’s regional economic structure, and how the intercon-
nections within it expose different parts of the nation to natural disasters differentially.
Using the Taiwan MRIO database, we identify critical economic sectors in regions with
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high vulnerability to natural disasters. The analysis could not have been achieved without
subnational MRIO tables, and these can be tailored to disaster-analysis-specific questions
using a virtual lab.

We subsequently estimate that the 1999 Chichi earthquake, the 2009 typhoonMorakot,
the 2016 Tainan earthquake, and the 2016 typhoon Megi caused a total value-added loss
of NT$ 508.0 billion, NT$ 71.9 billion, NT$ 1.9 billion, and NT$ 2.5 billion, respectively.
In particular, the losses that resulted from upstream linkages were large, amounting to
about half of value-added lost. Since Taiwan’s economy is highly interconnected, no single
region is unaffected by such disasters. In some cases, a region located far from the disaster’s
epicentre or path suffered important economic losses. Taipei’s and New Taipei’s powerful
financial and trade sectors, for example, experienced a relatively high value-added loss due
to the repercussions of disaster damage in other regions, making these sectors vulnerable
regardless of their physical distance from the natural disasters. We also find regional eco-
nomic impact multipliers of the four natural disasters in Taiwan range between 1.2 and
2.0 (Table 5). These multipliers are the ratio of total impacts

∑∞
n=0 v′(I + An)(y0 − ỹ) to

direct losses caused by reduced consumption possibilities q0 − q̃. The financial and indus-
trial centre of Taipei, New Taipei, and Taoyuan has higher multiplier than do agricultural
locations of Yilan, Yunlin, andNantou. This confirms the work of Kellenberg andMobarak
(2008), who indicates that higher-income regions are more vulnerable to natural disas-
ters than are middle- and lower-income regions. The range of regional multipliers could
not have been captured without considering the economic interdependence of the affected
areas, as offered by the Taiwan MRIO tables.

In addition, an MRIO-based disaster framework can serve as an early-warning and
resilience planning system for regions likely affected by natural disasters. Our analysis of
the 1999 Chichi earthquake shows that a relatively small disruption of a vital industrial

Table 5. Regional impact multiplier.

1999 Chichi
Earthquake

2009 Typhoon
Morakot

2016 Tainan
Earthquake

2016 Typhoon
Megi

Hsinchu County 1.6 2.0 1.9 1.9
Taoyuan 1.7 2.0 2.0 1.6
Yilan 1.4 1.9 1.3 1.3
Hsinchu City 1.7 2.0 1.9 1.9
Keelung 1.5 2.0 1.9 1.9
New Taipei 1.6 2.0 2.0 2.0
Taipei 1.4 2.0 2.0 2.0
Changhua 1.6 2.0 2.0 2.0
Miaoli 1.6 1.9 1.9 1.4
Nantou 1.3 1.4 1.9 1.9
Yunlin 1.5 1.4 1.9 1.3
Taichung 1.5 1.9 2.0 1.5
Chiayi County 1.5 1.3 1.9 1.9
Penghu 1.4 1.7 1.8 1.7
Pingtung 1.4 1.3 1.1 1.9
Chiayi City 1.4 1.9 1.9 1.9
Kaohsiung 1.5 1.4 1.4 1.5
Tainan 1.6 1.5 1.2 1.5
Hualien 1.4 1.9 1.9 1.9
Taitung 1.3 1.3 1.7 1.8
Kinmen 1.5 1.8 1.8 1.8
Lienchiang 1.3 1.4 1.5 1.2
National 1.5 1.5 1.4 1.5
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input, such as electricity, can cause significant economic losses. Such insight can help gov-
ernments evaluate the national electric grid, and perhaps suggest the construction of power
plants or the storage of back-up transformers nearer essential economic locations, such as
high-tech manufacturing and financial markets. Similarly, to ensure the seamless distri-
bution of goods and services, transportation networks connecting west Taiwan could be
re-designed to assure more resilience near emergency facilities and important industrial
complexes.

5. Conclusions

Disasters are highly localised. Even in a relatively small country like Taiwan, small breaks
in supply chains can cause major economywide losses. Therefore, regionally and sectorally
detailed multiregional input–output (MRIO) databases are needed to undertake disaster
analysis at sufficient resolution. Since disasters can affect agriculture in one region and
manufacturing industries in another region, either at the same time or at different times,
flexible, adaptive MRIO databases can be quite beneficial. For this reason, we chose to
establish a virtual laboratory for Taiwan, the TaiwanLab.

The TaiwanLab provides flexibility to users so they can obtain customised regional and
sectoral classifications for MRIO tables, and incorporate a wide variety of primary data.
The lab also can update or add additional data to suit specific research questions, so that it
allows a wide range of international users to undertake IOmodelling on various economic,
social, and environmental topics.

Whilst this paper demonstrates the TaiwanLab as a case study for disaster analysis, this
innovation can be and is being transferred to other countries such as Australia (Lenzen
et al., 2014, 2017), Indonesia (Faturay et al., 2017), China (Wang et al., 2015; Wang, 2017),
Japan (Wakiyama et al., 2019), Sweden (Faturay et al., 2019a), and the USA (Faturay et al.,
2019b). The hope is for the virtual lab technology to become a blueprint for aforementioned
countries to assess the regional economic impacts of natural disasters.

Acknowledgements

The authors thank Pei-Wen Syu for help with collecting data for the TaiwanLab. We also thank an
anonymous referee for providing insight that is identified in footnotes 2–4.

Disclosure statement

No potential conflict of interest was reported by the authors.

Funding

This work was financially supported by the Indonesia Endowment Fund for Education (Lembaga
Pengelola Dana Pendidikan/LPDP) [grant number PRJ-1491/LPDP/2014], Ministry of Science and
Technology of Taiwan [grant number 105-2410-H-006 -055 -MY3], National eResearch Collabora-
tion Tools and Resources project (NeCTAR) through its Industrial Ecology Virtual Laboratory, and



80 F. FATURAY ET AL.

Australian Research Council (ARC) through its Discovery Projects DP0985522 and DP130101293.
IELab infrastructure is supported by ARC infrastructure funding through project LE160100066.

ORCID

Futu Faturay http://orcid.org/0000-0001-5636-1794
Arunima Malik http://orcid.org/0000-0002-4630-9869
Arne Geschke http://orcid.org/0000-0001-9193-5829
Manfred Lenzen http://orcid.org/0000-0002-0828-5288

References

Arto, I., V. Andreoni and J.M. Rueda Cantuche (2015) Global Impacts of the Automotive Supply
Chain Disruption Following the Japanese Earthquake of 2011. Economic Systems Research, 27,
306–323.

Blouin, D. (2017) 2016 TopMarkets Report Semiconductors and Related Equipment. WashingtonDC,
U.S. Department of Commerce.

Carrera, L., G. Standardi, F. Bosello and J. Mysiak (2015) Assessing Direct and Indirect Economic
Impacts of a FloodEvent Through the Integration of Spatial andComputableGeneral Equilibrium
Modelling. Environmental Modelling & Software, 63, 109–122.

Central Weather Bureau (2017a) FAQ for Earthquake. Taipei, Central Weather Bureau of Taiwan,
http://www.cwb.gov.tw/V7e/knowledge/encyclopedia/eq000.htm

Central Weather Bureau (2017b) FAQ for Typhoon. Taipei, Central Weather Bureau of Taiwan,
http://www.cwb.gov.tw/V7e/knowledge/encyclopedia/ty014.htm

Chang, J.-C. (1996) Natural Hazards in Taiwan. GeoJournal, 38, 251–257.
Chang, S.E. (2000) Economic Considerations in Preliminary Report from MCEER-NCREE Work-

shop on the 921 Taiwan Earthquake. New York, The Multidisciplinary Center for Earthquake
Engineering Research (MCEER), State University of New York.

Chuang, S. (1999) “Tourism drops after quake.” Taipei Times. http://www.taipeitimes.com/News/
twbiz/archives/1999/10/13/0000006347

Cochrane, H.C. (1974) Predicting the Economic Impact of Earthquakes. In: H.C. Cochrane, M.J.
Bowden andR.W.Kates (eds.) Social Science Perspectives on the Coming San Francisco Earthquake.
Natural Hazards Research Paper, 25. Boulder, Colorado, University of Colorado, 1–42.

Dietzenbacher, E. and R.E. Miller (2015) Reflections on the Inoperability Input-Output Model.
Economic Systems Research, 27, 478–486.

Donaghy, K.P., N. Balta-Ozkan andG.J. Hewings (2007)ModelingUnexpected Events in Temporally
Disaggregated Econometric Input–Output Models of Regional Economies. Economic Systems
Research, 19, 125–145.

Dong, W., G. Morrow, A. Tanaka, H. Kagawa, L.-C. Chou, Y.-B. Tsai, W. Hsu, L. Johnson, C.V.
Anne, S. Segawa, C.-H. Yeh, K.-L. Wen and W.-l. Chiang (2000) Event Report Chi-Chi, Taiwan
Earthquake. Risk Management Solutions, Inc.

Faturay, F., M. Berglund, A. Geschke and M. Lenzen (2019a) Demand-Driven GHG Emissions of
Swedish Regions: 2008–2016. In Preparation.

Faturay, F., M. Lenzen and K. Nugraha (2017) A New Sub-National Multi-Region Input–Output
Database for Indonesia. Economic Systems Research, 29, 234–251.

Faturay, F., G. Vunnava, M. Lenzen and S. Singh (2019b) Multiregional Economic Impacts of
Renewable Energy Adoption in the United States Using Industrial Ecology Virtual Laboratory.
In Preparation.

Geschke, A., R. Wood, K. Kanemoto, M. Lenzen and D. Moran (2014) Investigating Alternative
Approaches to Harmonise MRIO Data. Economic Systems Research, 26, 354–385.

Ghosh, A. (1958) Input-Output Approach in an Allocation System. Economica, 25, 58–64.
Greenberg, M., C. Haas, A. Cox, K. Lowrie, K. McComas and W. North (2012) Ten Most Impor-

tant Accomplishments in Risk Analysis, 1980–2010. Risk Analysis: An International Journal, 32,
771–781.

http://orcid.org/0000-0001-5636-1794
http://orcid.org/0000-0002-4630-9869 
http://orcid.org/0000-0001-9193-5829
http://orcid.org/0000-0002-0828-5288
http://www.cwb.gov.tw/V7e/knowledge/encyclopedia/eq000.htm
http://www.cwb.gov.tw/V7e/knowledge/encyclopedia/ty014.htm
http://www.taipeitimes.com/News/twbiz/archives/1999/10/13/0000006347


ECONOMIC SYSTEMS RESEARCH 81

Haimes, Y.Y., B.M. Horowitz, J.H. Lambert, J.R. Santos, C. Lian and K.G. Crowther (2005) Inoper-
ability Input–Output Model for Interdependent Infrastructure Sectors. I: Theory and Methodol-
ogy. Journal of Infrastructure Systems, 11, 67–79.

Hallegatte, S. (2008) An Adaptive Regional Input-Output Model and Its Application to the Assess-
ment of the Economic Cost of Katrina. Risk Analysis, 28, 779–799.

Hallegatte, S. and M. Ghil (2008) Natural Disasters Impacting a Macroeconomic Model with
Endogenous Dynamics. Ecological Economics, 68, 582–592.

Hsu, W.-K., W.-L. Chiang and C.-W. Chen (2013) Earthquake Risk Assessment and Optimal Risk
Management Strategies for Hi-Tech Fabs in Taiwan. Natural Hazards, 65, 2063–2076.

Hsu-min, Y., C. Po-sheng, F. Huang and E. Kao (2016) “Agricultural Losses from Typhoon Megi at
Least NT$1 Billion (Update).” Focus Taiwan News Channel. http://focustaiwan.tw/news/aeco/20
1609280022.aspx

Huan, T.-C., J. Beaman and L. Shelby (2004) No-Escape Natural Disaster: Mitigating Impacts on
Tourism. Annals of Tourism Research, 31, 255–273.

Kellenberg, D.K. and A.M. Mobarak (2008) Does Rising Income Increase or Decrease Damage Risk
From Natural Disasters? Journal of Urban Economics, 63, 788–802.

Koks, E.E. and M. Thissen (2016) A Multiregional Impact Assessment Model for Disaster Analysis.
Economic Systems Research, 28, 429–449.

Lenzen, M., A. Geschke, A. Malik, J. Fry, J. Lane, T. Wiedmann, S. Kenway, K. Hoang and A.
Cadogan-Cowper (2017) New Multi-Regional Input–Output Databases for Australia – Enabling
Timely and Flexible Regional Analysis. Economic Systems Research, 29, 275–295.

Lenzen, M., A. Geschke, T. Wiedmann, J. Lane, N. Anderson, T. Baynes, J. Boland, P. Daniels,
C. Dey, J. Fry, M. Hadjikakou, S. Kenway, A. Malik, D. Moran, J. Murray, S. Nettleton, L. Por-
uschi, C. Reynolds, H. Rowley, J. Ugon, D. Webb and J. West (2014) Compiling and Using
Input–Output Frameworks Through Collaborative Virtual Laboratories. Science of The Total
Environment, 485–486, 241–251.

Lenzen, M., A. Malik, S. Kenway, P. Daniels, K.L. Lam and A. Geschke (2019) Economic Damage
and Spillovers from a Tropical Cyclone. Natural Hazards and Earth System Sciences, 19, 137–151.

Lin, O. (1999) “As 921 Quake Losses Rise, Consumer Spending Urged.” Taipei Times.
http://www.taipeitimes.com/News/front/archives/1999/10/28/0000008437

Lin, H.C., Y.L. Kuo, D. Shaw, M.C. Chang and T.M. Kao (2012) Regional Economic Impact Analysis
of Earthquakes in Northern Taiwan and Its Implications for Disaster Reduction Policies. Natural
Hazards, 61, 603–620.

Liu, T.-M. (2014) Analysis of the Economic Impact of Meteorological Disasters on Tourism: The
Case of Typhoon Morakot’s Impact on the Maolin National Scenic Area in Taiwan. Tourism
Economics, 20, 143–156.

Low, S. (1999) “Farmers’ Debts Raise Thorny Issue forGovernment.”Taipei Times. http://www.taipei
times.com/News/front/archives/1999/10/08/0000005572

MacKenzie, C.A., J.R. Santos and K. Barker (2012) Measuring Changes in International Production
from a Disruption: Case Study of the Japanese Earthquake and Tsunami. International Journal of
Production Economics, 138, 293–302.

Miller, R.E. and P.D. Blair (2009) Input-Output Analysis: Foundations and Extensions. New York,
Cambridge University Press.

National Statistics (2017a) Agriculture, Forestry, Fishery, and Animal Husbandry Census. Taipei,
National Statistics of the Directorate-General of Budget, Accounting and Statistics (DGBAS) of
Executive Yuan. https://eng.stat.gov.tw/lp.asp?CtNode = 1634&CtUnit = 784&BaseDSD = 7
&mp = 5

National Statistics (2017b) Benchmark IO Tables Commodity-by-Commodity (CxC). Taipei, National
Statistics of the Directorate-General of Budget, Accounting and Statistics (DGBAS) of Executive
Yuan. https://eng.stat.gov.tw/ct.asp?xItem = 36704&ctNode = 1650

National Statistics (2017c) Government and Education Employment Data. Taipei, National Statistics
of the Directorate-General of Budget, Accounting and Statistics (DGBAS) of Executive Yuan.

http://focustaiwan.tw/news/aeco/201609280022.aspx
http://www.taipeitimes.com/News/front/archives/1999/10/28/0000008437
http://www.taipeitimes.com/News/front/archives/1999/10/08/0000005572
https://eng.stat.gov.tw/lp.asp?CtNode{\protect \kern +.1667em\relax }={\protect \kern +.1667em\relax }1634%26CtUnit{\protect \kern +.1667em\relax }={\protect \kern +.1667em\relax }784%26BaseDSD{\protect \kern +.1667em\relax }={\protect \kern +.1667em\relax }7%26mp{\protect \kern +.1667em\relax }={\protect \kern +.1667em\relax }5
https://eng.stat.gov.tw/ct.asp?xItem{\protect \kern +.1667em\relax }={\protect \kern +.1667em\relax }36704%26ctNode{\protect \kern +.1667em\relax }={\protect \kern +.1667em\relax }1650


82 F. FATURAY ET AL.

National Statistics (2017d) Industry and Service Census. Taipei, National Statistics of the
Directorate-General of Budget, Accounting and Statistics (DGBAS) of Executive Yuan.
https://eng.stat.gov.tw/lp.asp?ctNode = 1624&CtUnit = 774&BaseDSD = 7&mp = 5

National Statistics (2017e) National Accounts. Taipei, National Statistics of the Directorate-General
of Budget, Accounting and Statistics (DGBAS) of Executive Yuan. https://eng.stat.gov.tw/ct.asp?
xItem = 37408&CtNode = 5347&mp = 5.

Okuyama, Y. (2007) Economic Modeling for Disaster Impact Analysis: Past, Present, and Future.
Economic Systems Research, 19, 115–124.

Okuyama, Y. and S. Sahin (2009) Impact Estimation of Disasters: A Global Aggregate for 1960 to 2007.
Washington, DC, The World Bank.

Okuyama, Y. and J.R. Santos (2014) Disaster Impact and Input–Output Analysis. Economic Systems
Research, 26, 1–12.

Oosterhaven, J. (2017) On the Limited Usability of the Inoperability IO Model. Economic Systems
Research, 29, 452–461.

Oosterhaven, J. and M.C. Bouwmeester (2016) A New Approach to Modeling the Impact of
Disruptive Events. Journal of Regional Science, 56, 583–595.

Oosterhaven, J. and J. Többen (2017) Wider Economic Impacts of Heavy Flooding in Germany: A
Non-Linear Programming Approach. Spatial Economic Analysis, 12, 404–428.

Santos, J.R. and Y.Y. Haimes (2004) Modeling the Demand Reduction Input-Output (I-O) Inoper-
ability due to Terrorism of Interconnected Infrastructures. Risk Analysis, 24, 1437–1451.

Sargento, A.L.M., P.N. Ramos and G.J.D. Hewings (2012) Inter-Regional Trade Flow Estima-
tion Through Non-Survey Models: An Empirical Assessment. Economic Systems Research, 24,
173–193.

Schulte in den Bäumen, H., D. Moran, M. Lenzen, I. Cairns and A. Steenge (2014) How Severe
Space Weather can Disrupt Global Supply Chains.Natural Hazards and Earth System Science, 14,
2749–2759.

Schulte in den Bäumen, H., J. Többen andM. Lenzen (2015) Labour Forced Impacts and Production
Losses due to the 2013 Flood in Germany. Journal of Hydrology, 527, 142–150.

Shu-Fen, W. and K. Liu (2015) “Earthquake Paralyzes High-Speed Rail in Southern Taiwan.” Focus
Taiwan News Channel. http://focustaiwan.tw/news/asoc/201602060009.aspx

Steenge, A.E. and M. Bočkarjova (2007) Thinking About Imbalances in Post-Catastrophe
Economies: An Input–Output Based Proposition. Economic Systems Research, 19, 205–223.

The Guardian (2018) “Two People Confirmed Dead in 6.4-Magnitude Taiwan Earthquake.”
The Guardian. https://www.theguardian.com/world/2018/feb/06/taiwan-earthquake-breaks-up-
roads-and-topples-buildings-hualien

Többen, J. and T.H. Kronenberg (2015) Construction of Multiregional Input–Output Tables Using
the CHARMMethod. Economic Systems Research, 27, 487–507.

Tsai, C.-H. and C.-W. Chen (2010) An Earthquake Disaster Management Mechanism Based on
Risk Assessment Information for the Tourism Industry-a Case Study From the Island of Taiwan.
Tourism Management, 31, 470–481.

Tsai, J.-S., L.-L. Chung and K.G.-Y. Liu (2013) Damage and Recovery from the 1999 Chichi
Earthquake in Taiwan. In: F. Wang, M. Miyajima, T. Li, W. Shan and T.F. Fathani (eds.),
Progress of Geo-Disaster Mitigation Technology in Asia. Berlin, Springer Berlin Heidelberg,
171–186.

Tsai, J.-S., C.P. Hsiao and M. Bruneau (2000) Overview of Building Damages in 921 Chi-Chi
Earthquake. Earthquake Engineering and Engineering Seismology, 2, 93–108.

Tsai, H.-T., C.-J. Tseng, S.-Y. Tzeng, T.-J. Wu and J.-d. Day (2012) The Impacts of Natural Hazards
on Taiwan’s Tourism Industry. Natural Hazards, 62, 83–91.

Tukker, A. and E. Dietzenbacher (2013) Global Multiregional Input–Output Frameworks: An
Introduction and Outlook. Economic Systems Research, 25, 1–19.

UNESCAP (2018) Asia-Pacific Disaster Report 2017: Disaster Resilience for Sustainable Develop-
ment. ST/ESCAP/2796, Bangkok, United Nations Economic and Social Commission for Asia and
the Pacific.

https://eng.stat.gov.tw/lp.asp?ctNode{\protect \kern +.1667em\relax }={\protect \kern +.1667em\relax }1624%26CtUnit{\protect \kern +.1667em\relax }={\protect \kern +.1667em\relax }774%26BaseDSD{\protect \kern +.1667em\relax }={\protect \kern +.1667em\relax }7%26mp{\protect \kern +.1667em\relax }={\protect \kern +.1667em\relax }5
https://eng.stat.gov.tw/ct.asp?xItem{\protect \kern +.1667em\relax }={\protect \kern +.1667em\relax }37408%26CtNode{\protect \kern +.1667em\relax }={\protect \kern +.1667em\relax }5347%26mp{\protect \kern +.1667em\relax }={\protect \kern +.1667em\relax }5
http://focustaiwan.tw/news/asoc/201602060009.aspx
https://www.theguardian.com/world/2018/feb/06/taiwan-earthquake-breaks-up-roads-and-topples-buildings-hualien


ECONOMIC SYSTEMS RESEARCH 83

Vervaeck, A. and J. Daniell (2016) “Deadly Earthquake Below Southern Taiwan (Tainan) – 114
Dead, 1 Missing and 548 Injured (Final Count in 17-Storey Building).” SOS Earthquakes VZW.
https://earthquake-report.com/2016/02/05/very-strong-earthquake-taiwan-on-february-5-2016/

Wakiyama, T.,M. Lenzen, F. Faturay, A.Geschke, A.Malik, J. Fry andK.Nansai (2019) Responsibility
for Food Loss From a Regional Supply Chain Perspective. Resources, Conservation and Recycling,
146, 373–383.

Wang, Y. (2017) An Industrial Ecology Virtual Framework for Policy Making in China. Economic
Systems Research, 29, 252–274.

Wang, Y., A. Geschke and M. Lenzen (2015) Constructing a Time Series of Nested Multiregion
Input–Output Tables. International Regional Science Review, 38, 1–24.

West, C.T. and D.G. Lenze (1994) Modeling the Regional Impact of Natural Disaster and Recovery:
A General Framework and an Application to Hurricane Andrew. International Regional Science
Review, 17, 121–150.

Ya-Chen, T. and E. Hsu (2015) “Science Park in Tainan Mostly Unscathed After Quake.” Focus
Taiwan News Channel. http://focustaiwan.tw/news/asoc/201602060009.aspx

Yamano, N., Y. Kajitani and Y. Shumuta (2007) Modeling the Regional Economic Loss of Natural
Disasters: the Search for Economic Hotspots. Economic Systems Research, 19, 163–181.

Yang, H.-H., Su-Ying Chen, S.-Y. Chien and W.-S. Li (2014) Forensic Investigation of Typhoon
Morakot Disaster: Nansalu and Daniao Village Case Study. Taipei, National Science & Technology
Center for Disaster Reduction.

https://earthquake-report.com/2016/02/05/very-strong-earthquake-taiwan-on-february-5-2016/
http://focustaiwan.tw/news/asoc/201602060009.aspx

	1. Introduction
	1.1. Review of prior work on input–output-based disaster analysis
	1.2. This study

	2. Methods
	2.1. MRIO database
	2.1.1. Virtual laboratory technology
	2.1.2. Data sources

	2.2. Disaster case study of Taiwan
	2.2.1. Disaster events in Taiwan
	2.2.2. Methods


	3. Results
	3.1. Taiwan's economic structure
	3.2. Regional impact of natural disasters
	3.2.1. Total output losses
	3.2.2. Value-added losses
	3.2.3. Production-layer decomposition of value-added losses


	4. Discussion
	5. Conclusions
	Acknowledgements
	Disclosure statement
	Funding
	ORCID
	References

