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Abstract

We developed a spatial computable general equilibrium model of South Korea to
assess the spatial spillover effects of the COVID-19 pandemic on South Korea’s
regional economic growth patterns. The model measures a wide range of economic
losses, including human health costs at the city and county level, through an analysis
of regional producers’ profit maximization on the supply side and regional house-
holds’ utility maximization on the demand side. The model’s findings showed that if
the level of spatial interaction decreases by 10% as a result of social distancing poli-
cies, the national gross domestic product drops by 0.815-0.864%. This loss in eco-
nomic growth can be further decomposed into 0.729% loss in agglomeration effect,
0.080-0.130% loss in health effect associated with medical treatment and premature
mortality, and 0.005% loss in labor effect. The results of the models and simulations
shed light on not only the epidemiological effects of social distancing interventions,
but also their resultant economic consequences. This ex-ante evaluation of social
distancing measures’ effects can serve as a guide for future policy decisions made
at both the national and regional level, providing policymakers with the tools for
tailored solutions that address both regional economic circumstances and the spatial
distribution of COVID-19 cases.

JEL Classification C68 - D58 - 118 - R13

1 Introduction

In March of 2020, the World Health Organization (WHO) declared the coronavirus
(COVID-19) a worldwide pandemic, leading to the start of a public health emer-
gency which has had severe impacts on human mortality rates, economic activity,
international trade, income disparity, education and labor markets, government
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expenditures, and production networks. While every country has been affected, the
distribution and size of these impacts is related to countries’ spatial economic net-
works and industrial structures. In one example, countries affiliated with the Euro-
pean Bank for Reconstruction and Development (EBRD) are predicted to exhibit
greater economic resilience during the crisis, in comparison with other advanced-
economy nations and emerging-market nations (EBRD 2020). Specifically, regions
whose economies rely more heavily on retail, transportation and storage, and accom-
modation and food services are expected to suffer more from economic downturns.
Countries’ paths to economic recovery have also been affected by social distancing
(SD) interventions, which while being effective in controlling the spread of COVID-
19, have also led to high social and economic costs and political fatigue over the
long-term. As a political tool, social distancing has had both positive and nega-
tive repercussions, suppressing the diffusion of COVID-19 in communities on the
one hand, but also preventing potential regional economic growth that could form
through agglomeration and network effects.

This paper explores two main research questions: how does social distancing
affect national economic growth, and what are the impacts of COVID-19 and the
measures taken to limit its spread on regions’ economic growth and their interre-
gional disparity? To address these questions, we assess the spillover effects of spa-
tial interactions on regional incomes and the social costs of COVID-19 within an
agglomeration economy by developing a spatial computable general equilibrium
(SCGE) model of South Korea. Through a multi-sectoral economic equilibrium
structure, the model captures the impacts of different spatial economic policies on
resource allocation and captures a range of economic losses in cities and counties,
such as those associated with human health, by analyzing the profit maximization of
regional producers on the supply side and the utility maximization of regional house-
holds on the demand side. The SCGE model was applied to examine how spatial
interaction levels, or social distancing (SD), have affected the economic behavior of
regional consumers and producers, and how this has in turn affected the spatial dis-
tribution of economic activities. For this study’s dataset, South Korea was spatially
disaggregated into 228 regions (cities and counties), with 2020 set as the benchmark
year, and an extended multiregional input—output (IO) table of 16 regions was devel-
oped in order to provide the SCGE model with a reference. Section 2 of this paper
reviews the spread of COVID-19 in South Korea, and Sect. 3 explores the effects of
SD intervention on spatial interactions, regional economics, and spatial growth pat-
terns using counterfactual simulations of the SCGE model. In the final section, we
discuss how these findings could be used to guide national, urban, and rural policy-
makers as they balance the prevention of COVID-19’s spread with the protection of
regional economic growth, and also give suggestions for future research directions.

2 The spread of COVID-19 in South Korea

Figure 1 illustrates the number of confirmed cases and average amount of mobil-
ity per week in 2019 and 2020, and the table at the bottom demonstrates the lev-
els of SD interventions in South Korea shown in Table 1. The mobility data were
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Fig. 1 Confirmed cases and mobility in 2019 and 2020. Source: Central Disease Control Headquarters
and Statistics Korea

estimated using mobile phone data by counting in cases where people visited
areas other than their own residence and stayed for more than 30 min. Since the
first case of COVID-19 in South Korea was confirmed on January 20, 2020, the
transmission pattern of cases during 2020 consisted of three main waves. The
first wave took place from February to March, the second wave in August, and
the third wave took place in November. During the first wave, the main source
of COVID-19 transmission was linked to outbreaks occurring within religious
gatherings in Daegu, the nation’s fourth-largest city in southeastern South Korea.
Accordingly, the government then implemented SD rules to limit personal mobil-
ity levels and the size of public gatherings. In May 2020, the government then
eased SD requirements in response to the slowdown of COVID-19’s spread, as
the number of new cases had declined. As public life moved toward normalcy
in June and July, personal mobility levels recovered to near 2019 levels, though
this recovery was abruptly halted by the second wave of sporadic group infec-
tions occurring in the Seoul Metropolitan area (SMA) in August. The government
then returned to the reinforcement of SD protocols across the country, limiting
businesses’ opening hours and prohibiting gatherings of more than 50 people.
The number of newly confirmed cases per week was lower than the peak rate of
the first wave, and subsequently dropped during September and October. How-
ever, unlike the tail end of the first wave, small herd infections continued to occur
within the greater SMA until mid-November, and without any significant ceas-
ing of cases, a third wave was declared in late November, when the number of
confirmed cases soared again due to seasonal disease spread patterns and public
fatigue with social distancing. Consequently, the government once again imposed
stricter restrictions in the SMA, where COVID-19 infections were more preva-
lent than in the rest of Korea. However, despite this significant decrease in per-
sonal mobility, the transmission of COVID-19 continued through asymptomatic
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Fig.2 LISA analysis of confirmed cases of COVID-19

individuals, and the number of newly confirmed cases during the third wave was
larger than that during the first wave period.

The Local Indicator of Spatial Association (LISA) index, or Moran’s I index
(Anselin 1995), is used to identify spatial autocorrelations between regional cases,
with the index being positive if the weighted average value of the surrounding
regions is similar to that of a particular region.! The LISA analysis reveals that the
number of confirmed cases correlated significantly in the cities of Seoul and Daegu
and their surrounding counties, while the territorial size of the number of confirmed
cases per population for the Daegu cluster was larger than that of the SMA. The
concentration of confirmed cases in the SMA was expected due to the area’s large
population size, but the spatial autocorrelation within the SMA was not highly sta-
tistically significant with regard to population size. Meanwhile, the country’s eastern
mountainous areas displayed clear clusters in the number of deceased individuals
per confirmed cases, which can be explained by the area’s high proportion of elderly
residents and relatively weaker medical infrastructure when compared to that of the
rest of the country (Fig. 2).

As of January 21, 2021, South Korea’s cumulative number of confirmed cases
was ranked as 87th out of the 236 countries monitored by WHO, with the cumula-
tive number of confirmed cases per million measuring at 1434, far below the world
average of 12,165, which can be mainly attributed to the country’s higher levels of
mask-wearing compliance. At the start of the first wave, the government did not

! The spatial distribution of the local Moran’s I index is typically divided into four types: high-high
(HH), high-low (HL), low-high (LH), and low-low (LL). An HH type has high values around the high
value, an LL type has low values around the low value, an HL type has low values around the high value,
and an LH type has high values around the low value. The two latter types are often outliers.
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close borders, but as the spread of COVID-19 worldwide grew over time, public
authorities chose to forgo national lockdowns and instead implemented a 3 T (test-
ing, tracing, treatment) strategy. The plan consists of (1) expanding test capabilities;
(2) tracing confirmed individuals’ routes through data gathered from mobile phones,
credit card usage, and surveillance camera in public space footage; and (3) sepa-
rating confirmed patients with mild symptoms and severe symptoms, with an ICT
technology-based testing management system of drive-through and walk-through. In
addition to this 3 T strategy, five levels of social distancing policies were imple-
mented according to the weekly average of daily transmission cases, with the gov-
ernment placing a limitation on the number of people using public indoor facilities
in specific areas at Level 1.5, and suspending the operation of publicly used facilities
nationwide at Level 3 (see Table 1).

3 Review of the economic impacts of the COVID-19 pandemic

Quantitative methods to measure the economic impacts of COVID-19 epidemic
can be classified into general equilibrium analysis (Maliszewska et al. 2020;
Porsse et al. 2020; Cui et al. 2021), and partial equilibrium analysis (Sansa 2020;
Sharif et al. 2020; Laborde et al. 2020; Pradesha et al. 2020). The computable
general equilibrium (CGE) model is an analytical method based on general equi-
librium theory which measures the economy-wide impact of policy shocks on the
national or regional economy. Maliszewska et al. (2020) applied a global stand-
ard CGE model to varying lockdown duration scenarios, and found that a short-
run lockdown would result in a global GDP contraction of 2.5%, and contraction
of 4% for a long-run lockdown. They designed four impact channels to transmit
the shock throughout the economy, including: the direct impact of a reduction in
employment; the increase in costs of international transactions; the drop in travel
demands; and the decline in demands for services that require proximity between
people. The results revealed that developing countries would incur greater eco-
nomic damage than industrialized countries with more service-oriented sectors.
Porsse et al. (2020) addressed the economic impacts of the COVID-19 outbreak
on the Brazilian economy using a dynamic interregional CGE model, looking
specifically at two major shocks, consisting of a negative shock of labor supply
due to increased rates of morbidity and mortality, and a temporary shutdown of
nonessential economic activities due to social isolation practices. The model pre-
dicted that the national GDP growth rate in 2020 could reduce by 0.48-3.78%
during a three-month shutdown, and by 7.64—-10.90% within six months of a shut-
down. Cui et al. (2021) evaluated the impact mechanisms of the pandemic on
the output of transport sectors based on a decomposition analysis of the CGE
model. The simulation suggested that the passenger transport sector’s output
would decrease by a greater margin than that of the freight transport sector. In
total, the output of the waterway passenger transportation sector declined the
most (11.44%), followed by the road passenger transportation sector (8.96%),
aviation passenger transportation sector (5.26%), and railway passenger transpor-
tation sector (3.08%) in 2020. Additionally, Guan et al. (2020) used an extended,
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adaptive regional 10 model to quantify the short-run supply-chain effects of con-
tainment strategies on national and industrial production patterns. They found
that the supply-chain loss caused by COVID-19 lockdowns would vary depending
on the number of countries imposing restrictions, and was more sensitive to the
duration of the lockdown than its degree of severity.

Meanwhile, in terms of partial equilibrium analysis studies, Sharif et al. (2020)
analyzed the time—frequency relationship between the COVID-19 outbreak, oil
price levels, and the US stock market, with the use of a Granger causality test.
The findings revealed that COVID-19 had strong short-term impacts on the US
stock market and oil price levels, which was lower than those caused by geopo-
litical risk and economic uncertainty. Regarding the impact of the epidemic on
income and employment inequality, Hirvonen et al.’s (2020) pre-pandemic wealth
index and Laborde et al.’s (2020) IFPRI’s global model showed that the COVID-
19 pandemic reduced incomes for low-income households in Africa and South
Asia. Béland et al. (2020) examined the short-term consequences of the COVID-
19 pandemic on US employment and wage levels, and showed that the spread-
ing of COVID-19 increased the unemployment rate and decreased the labor force
participation rate, but had no significant impact on wages. Specifically, the nega-
tive impacts on the labor market would be more concentrated on workers who
were younger and less-educated, as well as those who identified as male and His-
panic. On the other hand, analysis from Fana et al. (2020) determined that the
individuals that were most vulnerable to COVID-19-related economic repercus-
sions consisted of female, non-native, self-employed, temporary, low-education,
and low-wage workers.

Within the context of COVID-19 economic studies, in comparison with other
analytical methods, general equilibrium analysis methods, such as the CGE
model, are expected to provide the most comprehensive analysis of the pandem-
ic’s potential impact on the behavior of economic agents, including households,
firms, and governments, as the model’s built-in structure is able to capture the
various linkages of industrial sectors and markets. In contrast with partial equi-
librium analysis models which only ascertain the effects from a single sector, the
CGE model is able to fully map out the interdependencies of different agents’
supply and demand levels within the economy. As the model can calculate the
simultaneous determination of prices and quantities in multiple inter-connected
markets, it is able to capture disruptions in the production and consumption
patterns caused by natural disasters and resultant policy shocks. By tracing the
effects through layers of economic relationships, the CGE model more accurately
reveals the wider economic impact of policies, uncovering not only their direct
effects, but their indirect or unintended effects as well. In one case-study, Deloitte
(2020) stated that COVID-19 could affect the global economy via three main
channels: by directly affecting production potentials (supply), by disrupting sup-
ply chains and commodity and service flows (supply), and by generating a finan-
cial impact on firms and markets (demand). For this study, we developed a CGE
model that could identify the direct and indirect effects of COVID-19’s spread
on economic behaviors, which could then be used to evaluate the efficiency and
effectiveness of various policy choices.
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4 Method

This SCGE model was developed with the theoretical foundation of new economic
geography and new economic growth, and takes into account changes in (1) regional
productivities within an agglomeration economy (increasing returns to scale), (2)
industrial and residential relocations from long-distance economies and reductions
in transportation costs, and (3) consumer preferences for a variety of goods. The
SCGE model is designed to determine the optimal price and quantity of each com-
modity and service within a simultaneous system, specifying the various functional
links and sectoral interactions between the supply and demand levels in a produc-
tion-consumption structure. When producers and households attempt to reach their
respective economic goals of profit maximization and utility maximization, the bal-
ance identity between the demand and supply of each input factor and commod-
ity market is endogenously solved for in order to obtain the price. In other words,
following traditional economic theory, the quantity is determined by the behavioral
optimization of the economic agents, which consists of firms and households. As a
multiregional approach, the SCGE model classifies South Korea into 228 regions of
cities and counties to have two types of economic agents such as producers (firms)
and consumers (households). The model comprises of six blocks of (1) spatial inter-
action (accessibility), (2) price equilibrium, (3) supply of producers and regional
trade, (4) labor mobility, (5) demand of consumers on the real-side economy, and
(6) the spatial distribution of COVID-19 infections and confirmed cases (see Fig. 3).

Nearly any given SD intervention affects the level of spatial interactions, as meas-
ured by “spatial accessibility,” which can be interpreted as a growth or market poten-
tial with economic mass. The accessibility level in this paper is calculated by a grav-
ity-typed function of economic activities of all destinations and travel time (cost)
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between any pair within the transportation network (Kim et al. 2004). Meanwhile,
regional labor demand is used as a proxy variable for interaction opportunities at any
given destination, and the minimum travel time (or cost) matrix among the regions
is derived from the network assignment stage of Transportation Planning Modeling
with EMME/2. For any given SD intervention, there is a resultant decrease in spatial
interactions or an increase in travel time, implying an overall reduction in accessibil-
ity. Several empirical studies have demonstrated that the SD measure affects travel
times, especially in the area of public transport which is one of the most disrupted
sectors of the COVID-19 pandemic. Kamga et al. (2021) analyzed the impact of the
COVID-19 pandemic on public transportation operations using the New York City
subway Line 1 as an example. Five scenarios of physical distancing are simulated
and analyzed in this paper: 3 ft, 4 ft, 5 ft, 5.4 ft, and 6 ft of separation between pas-
sengers. They found the evidence for differences in the additional passenger wait-
ing time caused by the 5 different social distancing measures, indicating that the
number of trains must be increased to shorten the waiting time. The key finding is
that, by decreasing the minimum distance from 6 to 5.4 ft, the number of additional
trains required to serve the transit demand will decrease by 42% and more resources
are saved. In addition, Gkiotsalitis and Cats (2022) investigated the impact of dif-
ferent distancing policies on operational costs, passenger-related costs and vehicle
occupancy levels, computing the optimal service frequencies of the Washington DC
metro lines under different distancing policies (no distancing, 1-m distancing, 1.5-m
distancing, 2-m distancing). They also found that different subway lines and differ-
ent SD measures had significantly different effects on total travel time and passenger
waiting time.

The average cost-pricing rule is applied to price-level determination by clearing
the excess demand in labor, capital, and commodity markets under the Walrasian
equilibrium condition (Gottinger 1998). The SCGE includes two major price types:
free on board (FOB) on the supply side and cost, insurance, and freight (CIF) on the
demand side. The FOB price, which is the output value at which firms produce their
commodities, is composed of the primary factor payments and the marginal costs of
the intermediate inputs. The CIF price is the market price which consumers pay for
commodities and services, and is defined as the sum of the FOB price at the origin
(production area) and the transportation cost from the origin to destination (market
area), which is determined by the travel time and transportation cost per unit of time
(tariff).

Within the commodity market, each regional producer is assumed to offer a sin-
gle representative commodity, maximizing profit under the two-level Cobb—Douglas
production of output. At the upper level, the regional output is determined by the
Cobb-Douglas production function of the value added and intermediate demand.
Using technologies for substitution between the pooled commodities and factors of
production, the producer chooses the quantities of intermediate demand or value
added under the fixed share of the output and an elasticity of substitution equal to
unity. The lower level is composed of a calibration of (1) value added with tech-
nologies for substitution between labor and capital and (2) the intermediate demands
among the 228 regional commodities. The value added is estimated with two pri-
vate paid-factor inputs of the labor and capital stock, and one external-factor input
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taken from the level of spatial interaction in order to take agglomeration economic
effects into consideration. As previously mentioned, accessibility increases with spa-
tial interactions, which in turn generates the positive externality of agglomeration
economies, affecting productivity and increasing the value of the shift parameter in
the production function. The signs of the linear and quadratic terms of the spatial
interaction variable in the value-added equation are positive and negative, respec-
tively. In graphical terms, the value-added factor can be displayed as an inverted U
for spatial interaction: the marginal benefit of the interaction to the value-added term
increases steeply at the early stage, at a diminishing rate in the middle stage, and
decreases in the late stage (Kim et al. 2014). The regional producer maximizes out-
put values using the Cobb—Douglas intermediate demand function, which is a func-
tion of the 228 regional commodities. Under the first-order condition, inter-regional
trade increases with the input coefficient, the production output of the destination,
and the output price, but decreases with the CIF price, which is determined by travel
time, the transportation cost per unit of time, and FOB price. Producers are typically
willing to purchase more commodities to obtain the lowest CIF price if the quality
of competing commodities is homogeneous.

The labor demand by region is derived from the producer’s value-added maximi-
zation, in which the marginal revenue of each factor input is equal to its factor input
price. The regional wage consists of a wage-distortion term and an average wage
rate derived by balancing total labor demand with supply under a neoclassical labor
market closure rule (Igbal and Siddiqui 2001). Each regional labor input is assumed
to be homogeneous and mobile across regions, and multiregional migration between
origin and destination depends on the economic differences in the gross regional
product (GRP) per capita and the population sizes of any two given regions. With
the budget constraint where regional income consists of wages and capital return,
the regional consumer maximizes the Cobb—Douglas type utility, and consump-
tion expenditure by regional commodity is calibrated with a linear function of total
household income.

The number of confirmed cases of COVID-19 was specified as a function of
spatial interactions, the share of total area consisting of residential and commer-
cial land, and population size.> The elasticity of the spatial interaction of confirmed

2 The patterns and the confirmed cases and fatalities of COVID-19 have been discussed within the con-
text of educational environments (Abedi et al. 2021; Goutte et al. 2020), demographic structures (Stojko-
ski et al. 2020; Hassan et al. 2020), health or medical care conditions (Stojkoski et al. 2020; Chaudhry
et al. 2020; Ehlert 2021) and spatial income levels. For example, the number of COVID-19 cases were
found to be negatively associated with national income levels (Hassan et al. 2020; Chaudhry et al. 2020;
Sannigrahi et al. 2020), and additionally, the lower the income level, the greater the risk of COVID-19
(Abedi et al. 2021; Goutte et al. 2020). Meanwhile, spatial regression models have also been developed
in order to take into account the spatial dependency amongst the regions and the subsequent regional
spillover effects of disease spread between neighboring areas (Sannigrahi et al. 2020; Ehlert 2021). San-
nigrahi et al. (2020) found socio-demographic factors such as national indicators of income, poverty and
population were positively associated with COVID-19 cases and deaths in 31 European countries. Ehlert
(2021) shed light on the positive relations between average age, population density and the number of
people employed in elderly care with the levels of COVID-19 cases and death rates in Germany, as well
as their negative relationship with infant population density and medical doctor numbers. Additionally,
several studies quantified the impact of SD policies on COVID-19 transmission and mortality (Chaudhry
et al. 2020; Qiu et al. 2020; Ehlert 2021).
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cases was estimated to be 0.3099, meaning that if the level of the spatial interac-
tion rises by 1%, the number of confirmed cases would increase by 0.3099%. The
number of deceased patients was determined by the number of confirmed cases,
the population’s aging rate, and the number of medical doctors. For this model, the
medical cost of COVID-19 was calculated by multiplying the number of confirmed
cases by the per-capita cost, or $6710 (USD). On average, patients were reported to
stay in the hospital for an average of 20.7 days in 2020. Therefore, when calculating
the impact on human health, the value of COVID-19-related premature deaths was
calculated by taking into account the number of deaths and the Value of a Statistical
Life (VSL) figure, which ranges from $63,636 to $381,818 in COVID-19 reports
(Table 2).3

In order to develop a SCGE model, a benchmark dataset is necessary in order
to create the internally consistent structures of the economic relations between the
economic agents, while also providing the initial values for the model. For this pur-
pose, we calibrated an extended multiregional IO table, tracking the monetary and
commodity flows of each sector in terms of their respective receipts and expendi-
tures. There are two types of parameters in the SCGE model: structural coefficients
and behavioral parameters. The former consists of non-elasticity parameters derived
from benchmark and cross-sectional survey data, including input coefficients and
consumption propensities. The latter are estimated with econometric models that
incorporate historical data, including the elasticities of accessibility in the produc-
tion function. Each shift parameter is adjusted so that the SCGE model can repro-
duce the extended IO model at the base run. The SCGE model is composed of 9024
equations and endogenous variables, which can capture a unique solution of the
variables under convexity. Exogenous variables make up a travel-time matrix, and
the lagged population size and the consumer price index are treated as the numeraire

3 As discussed previously, any given SD intervention is expected to prevent the spread of COVID-19,
but will also subsequently cause an economic slowdown due to the decreases in private consumption
and industrial production. To assess the overall economic impacts of this SD measure, it is essential to
explore the concept of what VSL represents in terms of the benefits of reduced mortality risk. If indi-
viduals are willing to pay $10,000 for a 1/1000 reduction in the underlying risk of death, then the VSL,
measured in terms of an individual’s willingness to pay, is $10 million. Thunstrom et al. (2020) com-
pared the present value of lives saved (benefits) to the present value of the difference in GDP lost without
and with the SD intervention (costs). If the value of reduced mortality risk was assumed to be $10 mil-
lion, then following U.S. federal agency guidelines, the net benefits of the SD can be calculated as $5.16
trillion, over one-fifth of the U.S. GDP. Greenstone and Nigam (2020) estimated the benefits of reduced
mortality risk as $7.9 trillion, over one-third of the U.S. GDP. Robinson et al. (2020) adjusted VSL for
life expectancy at the age of death, and produced VSL estimates of $10.63 million for an invariant pop-
ulation-average VSL approach, $4.47 million for a constant value per statistical life-year approach, and
$8.31 million for a VSL approach which follows an inverse-U pattern that peaks in middle age. Since
the cost of COVID-19 should include the reduced mortality risk, as well non-fatal health impacts such
as damages to health, Kniesner and Sullivan (2020) estimated COVID-19’s non-fatal economic losses
from the cumulative cases and hospitalizations within the U.S. They calibrated an overall non-fatal valu-
ation of $2.2 trillion for the U.S., a figure almost 40% higher figure than the estimated $1.6 trillion cost
of COVID-19 fatalities. Viscusi (2020) revealed that when morbidity effects were adjusted with income
elasticities in over 100 countries, the expected health losses increased from 10 to 40%, implying that
non-fatal infections are as economically serious as fatal infections.
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for the model. The numerical specifications of the model foundation is shown in
Table 3.*

Due to the non-stochastic properties of the SCGE model, the model’s reliability
as a policy assessment tool has been assessed through (1) the comparison of simu-
lation results with actual values and (2) the assessment of the stability or robust-
ness of results through a sensitivity analysis of changes in the key parameter values
(Bandara and Coxhead 1999; De Maio et al. 1999). For this study, the latter method
was selected due to our focus on counterfactual analysis, and our lack of the time-
series data that is necessary for comparative studies. The results from the sensitivity
analysis find that the GDP and regional average wages would reduce by 0.23-0.34%
and 0.10-0.15%, respectively, if the elasticity of spatial accessibility for the value
added function increases by 5% in the model, thereby implying that the model is not
sensitive to elasticity values and is suitable for counterfactual analysis.

5 Results

Overall, SD interventions generate both direct and indirect economic impacts. As an
example of a direct impact, restrictions on indoor public events and social gatherings
can lead to fewer spatial interactions between economic agents, implying increases
in travel time. This then affects the number of confirmed cases of COVID-19, as
well as the transaction volumes for goods, services, and factor inputs, which are
understood as indirect effects. These direct and indirect impacts are spatially distrib-
uted across regions, having spillover effects on adjacent regions around an area hit
by COVID-19, as well as the functionally linked industrial sectors where economic
agents pay the economic costs (negative benefits). The SCGE model captures this
spatial distribution of indirect economic impacts at the city and county levels, which
is where policymakers implement strategies to mitigate economic costs, primarily
through the provision of relief packages and fiscal stimulus.

This section analyzes the economic impacts of spatial interactions to take into
account the effects of SD interventions on regional economies, applying the SCGE
model to a baseline scenario, and then giving four additional alternative scenar-
ios. The baseline scenario represents a reference case where there is no outbreak
of COVID-19 within an existing policy framework. Overall, the only differences
between the baseline and alternative scenarios exist within the changes in travel time
(cost) between cities and counties, meaning that the four other scenarios are only
distinguished by differing levels of spatial interactions, which can also be seen as a
measure of accessibility. After simulating all of the counterfactual scenarios, each
simulation’s results were compared with those of the baseline scenario. As discussed
previously, the level of spatial interactions has both positive and negative impacts
on economic growth. Generally, the level of spatial interactions improve regional
incomes at an increasing rate until the optimal point or point of inflection. In con-
trast, the spatial interactions also induce negative outcomes, mainly taking place in

4 Theoretical details of the SCGE model are found in the literature listed in References.
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Table 3 Specification of major equations

Major equations in CGE model

[€)) Spat.ia¥ i'nteraction ACC, = % LJ;‘

(Accessibility) DIST;

(2) Price equilibrium PVA, x VA, =PX; x X; - 3, TR;; * PCIF;
J

PCIF;; = PX, + CIF; x DIST;
WCPI = ¥ XIO, = PX,

(3) Supply of producers and X, = X(TR;;, VA,)

regional trade "
VA = VA(L;, K;, ACC;)

TR; = TR(PCIF;, X;, PX;)

L, = L(WA;, VA, PVA,)
K; = K(RA;, VA;,PVA,)

LD=YL
=YK
i
(4) Labor mobility POP; = Natural Growth of POP; + ) MIG;; — Z MIG;
J J '

L
In (MIG) = 8.29 +0.31 *ln<POP > +055*1“<P0P )

i) <25 (n () )
;) voose ()

—0.93 = In (DIST})

—0.47 % In <

o]
Qo
5|

(5) Demand of consumers U=U (FR..)
FR;; = FR(PCIF;, VA;,PVA))

s
X, = Y (TR; + FR;) + DK;
J
(6) Spatial distribution of In (CONFI,;) = CONFIP; + 1.15932 = In (POP, * 1,000, 000)

COVID-19 fnfections and +0.30990 # In (ACC,) +0.71214 + LANDUSE,
confirmed cases i i

In (DEATH;) = DEATHP, + 0.42718 # In (CONFI,)
+ 1.81069 * AGEING, — 0.05615 * DOCTOR,

Endogenous variables
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Table 3 (continued)

Major equations in CGE model

ACC;: Accessibility of region i

CONFI;: Number of confirmed cases of region i

DEATH;: Deceased number of COVID 19

FR;;: Final demand of region j for commodity produced at region i
K: Capital (stock) demand of region i

KD: Total capital (stock) demand

L;: Labor demand of region i

LD: Total labor demand

MIG;: Number of migrants from region i to region j

PCIF,-J-: CIF price of region j for commodity produced at region i
POP;: Population size of region i

PVA;: Price of value added of region i

PX;: Production price of region i

RA;: Capital return rate of region i

TR;: Intermediate demand of region j for commodity produced at region i
U;: Utility level of region i

VA;: Value added of region i

WA,: Wage rate of region i

WCPI: Price index

X;: Output of region i

Exogenous variables and parameters

AGEING;: Population ageing index of region i

DIST,;: Travel time from region i to region

DK;: External demand of region i

DOCTOR;: Number of doctors of region i

LANDUSE;: Share of total area occupied by residential and commercial land uses of region i
CONFIP;: Constant parameter of confirmed case equation

DEATHP;: Constant parameter of deceased case equation

CIF,;: Tariff rate of region j for commodity produced at region i

XIO;: Regional weight value of price index

a: Mobility-resistance parameter

the form of labor force losses and increased social costs, such as medical treatment-
related expenses and death measured in terms of the statistical value of a human
life. These results imply that a net change in the regional income depends on the
gap between the elasticity values (speeds) of spatial interactions for both produc-
tivities and costs. This economic damage can then be decomposed into a series
of net changes taking form in (1) an agglomeration-loss effect originating from a
weakened agglomeration economy, (2) a health-loss effect associated with the medi-
cal expenses of confirmed cases and the VSL due to lives lost to COVID-19,’ and
(3) a labor productivity-loss effect caused by a reaction between components (1)
and (2), such as a reduction in the labor force due to individuals who cannot work
due to a COVID-19 diagnosis. The agglomeration-loss effect increases with travel
time (cost), while the health-loss and the labor productivity-loss effects decrease

5 The health-loss effect is not directly derived from the SCGE model, since it is regarded as an economic
value of non-market or unproductive impact as lost lives as discussed in Matus et al. (2012). It means
that the medical expenditures do not produce demand effects on the regional economy.

@ Springer



260 E.Kim et al.

Table 4 Impacts of a 10% reduction in spatial interaction level on national GDP (unit: %)

5% 10% 15% 20%
Total effect —0.517t0-0.467 —0.864t0—0.815 —1.185to—1.136 —1.486to—1.437
Agglomeration-loss —0.381 -0.729 —1.052 —1.354
effect
Health-loss effect —0.131t0—-0.081 —-0.130to—0.080 -0.128to—0.080 —0.127 to—0.079
Labor productivity-loss —0.005 —0.005 —0.005 —0.004
effect

The value is a share of the GDP at the baseline

Benefit (Output)

Total

Damage Agglomeration-loss Effect

Output (A)

Net Output (A+B+C)

Restriction on
0) 10% Mobility
Labor productivity-loss (C)

Labor productivity- =777 Health-loss (B)
loss Effect

Health-loss Effect /

Cost (Negative output)

Fig.4 Decomposition of GDP changes into three components

alongside it. As a result, the economic damage caused by travel time changes is
expected to be inconclusive overall (Fig. 4).

Table 4 displays the results of a simulation of Korea’s gross economic perfor-
mance for each counterfactual scenario in terms of their respective simulated GDP
to the level under the baseline case. All economic values are derived from the opti-
mization of the economic behavior of regional producers and consumers. As shown
in Table 4, if the travel time (cost) increases by 10% from the baseline, the GDP
would decrease by an estimated 0.815-0.864%. For a 10% decrease in the spatial
interaction level, the agglomeration-loss effect and the health-loss effect are esti-
mated as 0.729% of the GDP (a partial effect of component 1) and 0.080-0.130% (a
partial effect of component 2) compared with the baseline level estimates. Summing
the two partial effects of components (1) and (2), the net GDP decrease amounted to
0.809-0.859% of the baseline. The difference between these partial-sum effects and
the economic damage, 0.005%, stems from the labor productivity-loss effect that is
generated from workers that cannot work due to self-isolation measures and medical
treatment.
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Fig.5 Classification of five regional economic areas

Generally, the economic damages varied spatially in accordance with interregional
connectivity and regional assets, as shown in Table 5, where 228 cities and counties
are aggregated into five regional economic areas (REAs): Seoul, Central, South-West,
South-East, and Busan (See Fig. 5).° If the spatial interaction level reduces by 10%
compared with the baseline as shown in Table 5, the economic damage could be most
serious in the South-East REA including the city of Daegu’; the GRP could decrease
by 2.022-2.313% much higher than the national average (0.815-0.864%). The Seoul
REA had the second highest level of economic damage (0.861-0.894%), followed by
Busan (0.779-0.788%) and the South-West REA (0.329-0.336%).

6 Seoul REA includes Seoul, the capital city, while Busan REA covers Busan, the second-largest city
and the fifth-busiest container-port city in the world.

7 The SD intervention results in reducing Daegu’s GRP by 3.188% which can be decomposed into the
agglomeration-loss effect (1.415%), the health-loss effect (1.733%) and the labor productivity (0.040%).
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Table 6 Share of impacts of a 10% reduction in spatial interaction level on regional GRP (unit: %)

Seoul Central South-West South-East Busan Total

Agglomeration-loss effect 89.26 75.89 9291 67.34 96.57 84.43
Health-loss effect 10.24 2291 6.74 31.86 3.30 15.02
Labor productivity-loss effect 0.51 1.20 0.35 0.80 0.13 0.54

The value is a share of the total effect

Our simulation results in Table 6 show that the Busan REA would receive the
highest share of agglomeration loss (96.57%), which was much larger than the
national average (84.43%); with the values for the other regions being 92.91% for
the South-West REA, 89.26% for the Seoul REA, 75.89% for the Central REA, and
67.34% for the South-East REA. The shares of the agglomeration-loss effect of
Busan REA and South-West REA were high in Table 6, since the numbers of con-
firmed cases remained relatively low in two regions. In particular, the Busan REA’s
proportion (96.57%) was much higher than the national average (84.43%) because of
its significant contribution to national economic growth. The share of the health-loss
effect in the South-East REA, as expected, reached to 31.86%, the highest among
the five REAs, mainly due to the spatial concentration of confirmed cases around
Daegu. For Seoul REA, a portion of agglomeration-loss effect was 89.26% due to
its densely populated area and productive industrial specialization in spite of the
high confirmed cases. This table implies that the relative magnitude of sub-impact
components could be determined by the spread of COVID-19 in the region and the
degree of economic interaction. It means that national government-mandated SD
measures in the Busan and South-West REAs need to be eased in a sense that the
health-loss effects were quite small compared with the agglomeration-loss effects.

It would be meaningful to examine how these economic outcomes are distrib-
uted across cities and counties under the spatiotemporal conceptual framework of
LISA. As explained previously, LISA reveals spatial changes within the hot spots
of economic effects that take place in response to SD interventions. A “hot spot” is
defined as an occurrence of local spatial agglomeration and clustering, and is shown
as HH (high relative damage with adjacent regions with high relative damages) in
Fig. 6. The hot spots of the economic damage and the agglomeration-loss effect can
be seen in the Seoul and South-East REAs (including Daegu), with strong positive
complementary, rather than competitive, relationships existing between the coun-
ties and their adjacent regions. Hot spots related to health-loss effects were concen-
trated in Daegu, while hot spots related to labor productivity-loss effects tended to
be located in eastern coastal and mountainous areas. These results imply that the
government should prioritize locally tailored plans when implementing COVID-19
recovery, adaptation, and response tools, including the creation of context-sensitive
SD protocols and quarantine measures.®

8 In fact, the Korean government implemented the uniform SD policy nationwide in the early days of
COVID-19, but when the second wave occurred in the SMA, different SD policies were applied in SMA
and ROK. Since the third wave, locally-tailored SD policies were allowed in each regions considering
different contexts.
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Fig.6 Geographical distribution of impacts of spatial interactions on GRP (unit: %). HH: high relative
damage with adjacent regions with high relative damages. LH: low relative damage with adjacent regions
with high relative damages. LL: low relative damage with adjacent regions with low relative damages.
HL: high relative damage with adjacent regions with low relative damages

6 Conclusions

In this paper, SD policy measures implemented to mitigate the spread of COVID-
19 are indirectly evaluated through a general equilibrium framework that incorpo-
rates factor mobility and institutional rigidities into the real side of regional markets.
If spatial interactions are regulated such that travel time (cost) increases by 10%,
the national GDP could drop by an estimated 0.815-0.864%. This outcome can be
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additionally decomposed into a 0.729% agglomeration-loss effect, a 0.080-0.130%
health-loss effect, and a 0.005% labor productivity-loss effect.

Further research could apply the SCGE model to the calibration of economic
losses resulting from the various outbreaks which took place in 2020. By estimating
the degree to which each type of SD measure (self-isolation, school closures, public
events banned, and complete lockdowns) affects the travel behavior of consumers
and producers and changes travel time and cost, it would then be possible to calcu-
late the overall effect of SD measures on the efficiency and welfare of national and
regional economies. Another possible line of inquiry could involve the integration
of the SCGE model with a model of disease-generated health costs, which would
make it possible to measure the impacts of COVID-19 on medical service costs, in
addition to the subsequent loss of labor input according to population cohort. By
continuing to expand on this current study, future models would make it possible to
identify the best policies which would ensure countries and regions’ long-term eco-
nomic sustainability, even as they mitigate the spread of COVID-19. Together with
the above points, the SCGE model can be operated for examining how universal and
selective economic relief strategies affect economic activities of regional economies
as well as small- and medium-sized enterprises such as food and beverage estab-
lishments, and other service-oriented businesses. Through capturing spillover and
feedback effects of the SD intervention on the economic agents and local markets,
the government could assess positive and negative outcomes of each subsidy policy
in terms of regional inequality, industrial sustainability, and economic resilience.
Finally, while the SD reduces industrial productivities due to the increases in eco-
nomic distances and travel costs, it could have a positive effect on the accessibility
through the reduction in the travel time. It is worthwhile to examine reactions of
economic agents to changes in the travel time as well as the travel cost, and the net
effect of the SD on the productivity could be estimated with implementing an inte-
grated system of the transportation demand model with the SCGE model.
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