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Abstract

The coronavirus pandemic can already be considered as one of the
major humanitarian and economic disasters happened for the last hun-
dred years. The consequences of the crisis are numerous starting from
psychological effects and ending with significant economic recession. This
paper investigates the economic side of pandemic by constructing a DSGE
model for closed economy and incorporating health block into it. We ex-
plicitly model the reproduction rate without using a SIR model. As a
result, we get endogenously determined supply and demand sides of the
pandemic in the model. We do different policy experiments to understand
the best policies during this shock and show that sector specific policies
can bring better results compared to aggregate macroeconomic policies.
Further, we introduce uncertainty into the model and show that if agents
have partial information about the spread of virus, the policy should be
stricter to achieve similar results of the full information case.
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1 Introduction

The outbreak and the spread of coronavirus (COVID - 19) have serious world-
wide impact. The crisis, like any pandemic occurred during the human history,
is, first of all, humanitarian: almost 3 million deaths throughout the world were
recorded by the time this paper is being written. The pandemic also has huge
economic impact, (the drop in world GDP was 3.3 for 2020) coming from both
production and aggregate demand sides. Public health objectives necessitate
people staying home from consuming and working and, thus, production and
spending must decline for a time. In order to stop the spread of the virus, many
advanced and developing countries implement containment measures, including
quarantine for infected people, closure of public places for gathering, restric-
tions to movement and travel, mandatory use of masks and so on. As a result,
the economic activity declined all over the world and governments implement
different kind of policies to mitigate the effects of the shock.

The pandemic, like any global shock, for example Global Financial Crisis,
creates a lot of room for research and the vast and rapidly growing literature
concerning the coronavirus and its economic impact serves as proof. The ongo-
ing research is aimed to answer different policy and research questions related
to pandemic. What is the nature of the shock in economic terms? Can it be
considered as purely supply side shock or it also has demand components? Does
the shock have permanent effects or they are only temporary? What kind of
policies are more effective during the pandemic?

To answer these questions, researchers construct economic models and try
to somehow incorporate health components in the model either explicitly or
implicitly. In the next section we briefly present some of the papers, trying to
answer the aforementioned questions.

This paper develops closed economy DSGE model by incorporating the
spread of the virus into the model. The model economy is populated by Ri-
cardian and Non Ricardian households. We divide the production into three
sectors: social, health and other. To the best of our knowledge, we are the
first modelling the reproduction rate as a function of economic activity without
linking SIR (Susceptible, Infectious and Recovered) to the DSGE model. Be-
cause the interaction of people is intense in the social sector and, as a result, the
probability of getting infected is high, consuming social good and working in
social sector have more impact on the reproduction rate compared to the other
sector’s activity. To have the adverse effect of the pandemic on the decision of
economic agents, we incorporate the spread of the virus into the utility func-
tions of houscholds. Infections alter the decision rules of the households, which
represent both demand and supply sides effects of the pandemic. Further, we
endogenize the productivity of different sectors, assuming that it depends on
the number of infected people. This assumption is motivated by the fact that
people, who has lost jobs due to the crisis, can disrupt their skills.

Simulations show, that health shock leads to the huge decline of the out-
put and creates modest deflation. The response of the sectors is different and
the shock results in an increase of inequality. Additional expansionary mone-



tary policy mitigates decline in output but worsens the health situation. So,
monetary policy creates the trade-off between output and infections. Then the
paper introduces the social planner, which tries to minimize the output loss and
the number of infected. Planner has aggregate consumption tax/subsidy and a
number of sector specific tools.

We show that, depending on which policy tool is used, the results can be
very different. When the planner has the aggregate consumption tax, he or she
is unable to solve the trade-off between output and health, similar to monetary
policy. When the policy instrument is the tax rate of other or social sector,
planner can achieve less decline in output and less number of infected, but
inequality increases. Further, we discuss the case when the planner uses the tax
rates of health sector and aggregate consumption tax as policy tools but she is
constrained with the possibility of expanding the health sector. In this case, we
have improvements in terms of GDP loss, number of infected and inequality.
Thus, the results tell us that having a right policy tool the Ramsey planner
can implement policies which are more effective in terms of less output loss and
fewer number of infected people. As a final step, we incorporate the model with
uncertainty, meaning that economic agents (both households and firms as well
as the social planner) do not know the true number of infected people when
making their decisions, particularly, their information is incomplete and they
use adaptive learning to overcome this inefficiency. In this case we show that by
choosing the right amount of taxation it is possible to deal with this problem
effectively. Introducing uncertainty in this way is also, to our knowledge, a
novelty in economic literature regarding coronavirus.

The rest of the paper is organized as follows. Section 2 presents the literature
discussing the economic consequences of COVID-19. Section 3 introduces the
model. Section 4 briefly presents the calibration of the model. Sections 5 - 8
discuss the results, namely, section 5 discusses the effect of the health shock,
section 6 shows how expansionary monetary policy alters the results of the
health shock. section 7 illustrates optimal policies and in section 8 we introduce
uncertainty into the our model. Finally, section 9 concludes.



2 Literature Review

The literature on the macroeconomic implications of COVID-19 is already vast
and still growing. Existing literature has addressed many aspects of the inter-
action between the epidemic and the economy, such as effects of COVID-19 on
households and firms; COVID-19 and labor markets; aggregate macroeconomic
effects of COVID-19; health, mortality, and pandemic modeling for COVID-19;
social distancing and other policy responses.

Krueger et al. (2020) introduce a SIR epidemiological model into a neoclas-
sical economy in which goods are distinguished by the degree to which they
can be consumed at home rather than in a social, possibly contagious con-
text. They demonstrate that within the model the “Swedish solution” of letting
the epidemic play out without government intervention and allowing agents to
shift their consumption behavior towards relatively safe sectors can lead to sub-
stantial mitigation of the economic and human costs of the COVID-19 crisis.
Coibion et al. (2020a) use surveys to estimate the macroeconomic expectations
of U.S. households. They find that lockdowns rather than COVID-19 infections
are driving down consumption, employment, lower inflation expectations and
increased uncertainty. Elenev et al. (2020) model the impact of COVID-19 as a
decrease in productivity and a decline in labor supply which ultimately adversely
affect firm revenue. The fall in revenue and the subsequent non-repayment of
debt service obligations create corporate defaults, which might bring down fi-
nancial intermediaries. Bartik et al. (2020) survey a small number of firms in
the US and document that several of them have temporarily closed shop and
reduced their number of employees compared to January 2020. The surveyed
firms were not optimistic about the efficiency of the fiscal stimulus implemented
by the government.

Kahn et al. (2020) show that firms in the US have dramatically reduced
job vacancies from the second week of March 2020. The authors find, that the
job vacancy declines occurred at the same time when unemployment insurance
(UI) claims increased. Coibion et al. (2020b) find that the unemployment/job
loss in the US is more severe than one might judge based on the rise in Ul
claims, which is to be expected given the low coverage rate for Ul regimes in
the US. Campello et al. (2020) find, that job losses have been more severe
for industries with highly concentrated labor markets (where hiring is concen-
trated within few employers) and non-tradable sectors (construction, health
services). Barrero et al. (2020) measure the reallocation of labor in response to
the pandemic-induced demand response (increased hiring in delivery companies,
delivery-oriented restaurant/fast food chains, technology companies).

Ferndnde-Villaverde and Jones (2020) analyze the data for the first two
quarters of 2020. They situate different countries and US states in a two-by-two
matrix, with COVID-19 deaths (high or low) on one axis and GDP loss (high or
low) on the other. They show that most countries fall along the diagonal — high
for both or low for both. For example, Korea, Japan, Germany, and Norway
have comparatively few deaths and low macroeconomic losses, on the other
hand, New York City, Lombardy, the United Kingdom, and Madrid have many



deaths and large macroeconomic losses. This illustrates the well-known point
that without successful containment of the virus, there can be no sustained
economic recovery. Without containment, consumers will be reluctant to go
shopping. Families will be reluctant to eat out. Businesses will be reluctant to
invest given this subdued consumer spending and virus-related uncertainty.

Eichenbaum et al. (2020a) study the effects of an epidemic in three standard
macroeconomic models by embedding SIR model into them. They find that the
neoclassical model does not rationalize the positive comovement of consumption
and investment observed in recessions associated with an epidemic. Introducing
monopolistic competition into the neoclassical model remedies this shortcoming
even when prices are completely flexible. Finally, sticky prices lead to a larger
recession, but do not fundamentally alter the predictions of the monopolistic
competition model.

The pandemic-related shock inevitably entails a reduction in the consump-
tion and output of non-health goods. However, expansionary monetary and
fiscal policies in these conditions involve specific risks. Asoyan et al. (2020)
find, that stimulating policy supports consumption and overall economic activ-
ity that might simultaneously be connected with the spread of virus. In other
words, as stressed by the authors, government authorities should seek a balance
between supporting economic activity and protecting people’s health.

According to Baker et al. (2020), COVID-19 has led to massive spikes in
uncertainty, and there are no close historical parallels. Because of the speed
of evolution and timely requirements of data, the authors suggest that one
should utilize forward-looking uncertainty measures to ascertain its impact on
the economy. Using a real business cycle (RBC) model, the authors find that a
COVID-19 shock leads to year-on-year contraction of GDP by 11 percent in 4th
quarter of 2020. According to the authors, more than half of the contraction is
caused by COVID-19-induced uncertainty.

Bianchi et al. (2020), using a VAR model, try to investigate the histor-
ical relation between unemployment, life expectancy, and mortality rates for
US population. They find that shocks to unemployment are followed by sta-
tistically significant increases in mortality rates and declines in life expectancy.
Using model results, they assess the long-run effects of the COVID-19 economic
recession on mortality and life expectancy. Their estimates show that the size of
the COVID-19-related unemployment to be between 2 and 5 times larger than
the typical unemployment shock, depending on race/gender, resulting in a 3.0%
increase in mortality rate and a 0.5% drop in life expectancy over the next 15
years for the overall American population.

Ellison (2020) provides a quick survey of results on the classic SIR model
and variants allowing for heterogeneity in contact rates. The paper notes, that
calibrating the classic model to data generated by a heterogeneous model can
lead to forecasts that are biased in several ways and to understatement of the
forecast uncertainty. Among the biases are that we may underestimate how
quickly herd immunity might be reached, underestimate differences across re-
gions, and have biased estimates of the impact of endogenous and policy-driven
social distancing.



Acemoglu et al. (2020) introduce the feature of heterogeneity of risks across
sub-populations. The different sub-populations (young, middle-aged, and old)
have different infection, morbidity, and fatality rates, as well as different levels
of interaction with others. These conditions give rise to targeted quarantine
measures. This is because a differential lockdown between different risk groups
(aggressive lockdown of older groups compared to younger ones) can reduce
the number of lives lost and negative economic outcomes to a greater extent
compared to uniform lockdown measures for all age groups. The authors find
that with a uniform lockdown lasting 434 days, the total number of fatalities
reaches 1.8 percent of the population, with economic costs of about 24.3 percent
of annual GDP. On the other hand, a targeted lockdown policy lasting 230 days
reduces fatalities to 1 percent of the population and the economic cost to 10
percent of annual GDP.

Berger et al. (2020) extend the baseline SIR epidemiology model to under-
stand the role of testing and case-dependent quarantine. They bring forward
the idea of increasing testing of susceptible populations to identify infected-
asymptomatic patients and quarantining this segment of the population. The
authors find that the targeted quarantine policy would have a lower negative
impact on the economy compared to the standard uniform quarantine policy.
Eichenbaum et al. (2020b) develop a SIR-based macroeconomic model where
people do not know their true health state. In this environment, testing allows
the government to identify infected people and quarantine them. They conclude
that smart containment policies, which are a combination of testing and quaran-
tining of infected people, would give more favorable trade-off between economic
activity and public health. Chiou and Tucker (2020) try to understand the role
of income inequality in moderating the effectiveness of social distancing mea-
sures taken in wake of the spread of coronavirus. They show that Americans
living in higher-income regions with access to high-speed internet are more likely
to comply with social distancing directives. Barrios et al. (2020) provide evi-
dence that regions with stronger higher civic culture engaged in more voluntary
social distancing.



3 The Model

This section develops three sector and two agent DSGE model, allowing to take
into account COVID-19 shock and its economic implications. The basic struc-
ture of the model is as follows. There are two different types of households:
Ricardian households, who can trade in asset markets and, thus, are able to
smooth consumption, and non-Ricardian households, who do not hold any as-
sets and therefore consume their disposable income every period. Households
consume health and non-health goods. The latter is divided into social and
other goods. Households have some monopoly power, which allows them to
set the wage for the differentiated labor services they supply. Ricardian and
non-Ricardian households solve the following optimization problems. Firstly,
they minimize their total expenditures and decide how much consume health,
social and other goods. Secondly, they maximize their utility function subject
to the budget constraints. Firms in each sector use labor of Ricardian and
Non-Ricardian households to produce specific type of good. We endogenize
technological progress in a way to be negatively dependent on infected people.
Infected is a function of reproduction number, which positively depends on so-
cial and other goods consumption, as well as working in social and other sector.
Government has many tools to subsidize (tax) households and firms. The mon-
etary authority sets the nominal interest rate via Taylor rule. The schematic
representation of the model is captured in Figure 1.
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Health Non - health
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e + Social sectoral

+ aggregate consumption

tax/subsidy q tax/subsidy
t
+ health good 0032:‘";2 dm" * Other sgctoral
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Figure 1: Model Environment



3.1 Reproduction Rate and Infected

Our model demonstrates the interaction between the behaviour of economic
agents operating in the economy and the dynamics of the virus. To model the
feedback from economic behavior to infections, we assume that reproduction
rate (R;) is given by the following equation:

ko,s kC,0 s KN,S o KN,O
Ry _ [ Cspt Co,t N; N, 8com‘cl—lQ (3 1 1)
R Cs Co NS NO t T

where Cg; is social good consumption, Co+ is other good consumption, NP is
employment of social sector and N is employment of other sector. Parame-
ters Kkc.s, KC,0, KN,5 and ky,o measure elasticities of the reproduction rate to
changes in social good consumption, other good consumption, employment of
social sector and employment of other sector, respectively. Variables without
time subscript denote their values in steady state. Reproduction rate is increas-
ing function in its arguments because consuming and working in these sectors
translate into higher transmission of the disease. The Cobb-Douglas specifica-
tion captures the idea that there is a complementarity between the reduction in
workplace and retail activities in containing the spread of the virus.
The law of motion of infections in the economy is given by the following
function:
Infi = (1 —bpec)Infi1 + RY (3.1.2)

where Inf; are infections at time ¢ and §,.. is recovery rate. R} represents the
new infected and p is the parameter linking reproduction rate to the infections.
The schematic representation of the spread of the virus is captured in Figure 2.
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Figure 2: Reproduction Rate and Infected



3.2 Households

Consumption basket of the representative Ricardian and non-Ricardian house-
holds consists of health and non-health goods. The consumption index is rep-
resented by the following constant elasticity of substitution function.

oF = [(1 )R (ORI () (R ) } (3.2.1)

n2

1 mp 1 1 mp 1| 2=t
cNft = [(1 — )7 (CNEY 2 + (72) 72 (CNE) 2 ] (3.2.2)

where, C* 114 1s consumption of health goods, Ch ¢ is consumption of non-health
goods (i = R,NR), v, and 7 are the shares of non-health goods for Ricar-
dian and non-Ricardian households respectively, n; and 7 are the elasticity
of substitution between these two types of goods. By maximizing (3.2.1) and
(3.2.2) subject to the budget constraints P ;Cf, + P{,C{, = PFCE and
Py CHE + PYRCYE = PNYRCNE, we obtain the following consumption de-
mand functlons

R Pai ™" R
Che=01-m) PR Cy (3.2.3)
t
PR -m
CR, = %< Pﬁ;) cl (3.2.4)
t
NR PH,L‘ o NR
CH,t = (1 - 72) PNR Ct (325)
t
NR PJ]\\{? o NR
CN,t = ")/2 (W) Ct (326)

Equations (3.2.3) - (3.2.6) show that the demands for both health and non-
health goods depend on the relative prices of each good. The CPI (defined
as the minimum expenditure required to buy one unit of C}) is given by the
following functions:

1
T=ar
PE = [(1 — )Py + %Pﬁ;}‘"l] (3.2.7)

#
—n2

PNE — {(1 — )Py + Py ”2} (3.2.8)

where, Py, is the aggregate price index of non-health goods and Pg,; is the
aggregate price index of health goods.

Consumption baskets of non-health goods are given by a composite consumption
index defined as follows:
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n3—1 a1 n3—1 | mn3-1

of, = [(1—73%3(0&) 5 ()% (CBaper) ™57 (3.2.9)

o4
na—1 1 ng—1 | a1
na

+ ('74) 4 (C(])vt%er,t) 4

(3.2.10)

oNE — [(1 ) (CN R

where, C’gt and Cj,,, or.t are Tespectively consumption of social and other goods.
Demand functions of social and other goods are derived by maximizing (3.2.9)
and (3.2.10) subject to following budget constraints Ps ;C&,+Pother.tClypert =
Pﬁ,tCﬁﬂs and PS,tC’gtR + POther,tht}zem = P]{Xf(}'ﬁf. Demand functions get
the following forms.

R Ps:\ " i
Csi=0-m)pr | Ons (3.2.11)
Nt
R _ POther,t o R
Chithery =73 “pR CNt (3.2.12)
Nt
NR Ps:\ ™ Nr
Cse' = =7) pxr | One (3.2.13)
Nt
NR POther,t o NR
Cothert =71\ ~prn CNi (3.2.14)
Nt

The price indexes of non-health goods are given by

P, = (1= P Pl (3.2.15)

Py = {(1 — )P ™ + 74P(1);,?;T’t} (3.2.16)
where, Ps; and Potper,+ are price indexes of social and other goods.

We assume, that domestic economy consists of infinitely lived households,
which maximize their lifetime utility subject to a budget constraint. We dis-
tinguish between Ricardian and non-Ricardian types of households, which is
important for capturing proper dynamics in the model. Non-Ricardians do not
have an access to the bond market and they consume all the received income
in each period. Ricardians, on the other hand, smooth their consumption by
changing their stock of assets.
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Ricardian household maximizes it’s utility function.

o Cg;UR E+WR
max  E, Hpnper Lt pprr L ) 3.2.17
(Cra Mo B 0 ;/3 ( It 1—on t XRl ¥ on ( )
subject to the budget constraint of the following form:
Pr By Wrgy 1+7q II;
—=(1— — = =N B;_ — 2.1
P, (1 —=714)Cpry + P, p, VR + 7, 1+ P’ (3.2.18)

where, Ej is the expectation operator conditional on information available at
the current time, Cr, is the real consumption of Ricardian household, Ng
is the working hours of Ricardian household, B, is domestic one period bond
held by the household, r; is the risk free nominal interest rate, Wg is the
nominal wage of Ricardian household, 7y ; is the consumption subsidy. II; is the
profits of firms owned by households, 3 is the discount factor, o1 is the elasticity
of intertemporal substitution for consumption, ¢; is the inverse of the Frisch
elasticity of labor supply and xg is the disutility from working. Infections,
defined above, is presented in the utility function as a consumption preference
and labor supply shifts, which represents both the demand and supply sides of
the pandemic.
Non-Ricardian households maximize similar utility function:

o ronn O Wz
max E t Infevr 20 [ fUNR _— 3.2.19
{CNR,t,NNR,t} Og;;ﬁ ( fi 1—-onr g XNR]J+9WVR> ( )

However, they have budget constraint of different form represented by:

P, W
L1 =71 )COnpe = ]]\;R’t NNg,t (3.2.20)
t t

Solving the optimization problems of the households and combining first order
conditions, we get the following optimality conditions:

- 1 Inft+1 TR o L 1-— T1,t41
Chre = 3 <—Inft CRip1™e+1iy 11_—7_“ (3.2.21)
o 1
XRNE,ltCRTt(l — Tl,t) = MRSRJW (3222)
5 1
XNENN R Cri(1 = T1t) = MRSNR (3.2.23)

Inf:NR—WNR

where m; is the inflation rate, M RSk and M RSng+ are the marginal rate of
substitution between consumption and hours for Ricardian and non-Ricardian
households respectively. The Euler equation (3.2.21) shows that consumption
depends negatively on the number of infected at time ¢ and positively on the
expected number infected people (ZE1) ™" (g < 0). People reduce their

Inf,
consumption in order to decrease the sptread of the virus affecting reproduction
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rate. In labor supply equations the presence of the rate of infected dictates the
same intuition as the reduction of consumption (vg —wgr > 0, vNg —wngr > 0).
Thus, the presence of infections in (3.2.21)-(3.2.23) illustrates both demand and
supply side effects of the pandemic.

3.3 Labor Market

Households have some monopoly power, which allows them to set the wage for
the differentiated labor services they supply to labor organizations. The latter
combine differentiated labor services to homogeneous labor and supply to firms
according to the following Dixit-Stiglitz CES function:

eW

m—{/ N(j % ]w (3.3.1)

where €}’ is the elasticity of substitution between varieties of supplied labor,
i ={R,NR}.
Labor organization seeks to minimize expenditures associated with hiring
each type of labor:
I/Vi,tNi,t — W(])tN(])t — min (332)

subject to (3.3.1). Solving labor organization’s optimization problem, we are
left with demand equation for j-th type of labor:

. Wi\ ™
N(j)is = <—I/$/j)t ’t> Niy (3.3.3)

where the aggregate wage index is given by:

W, = [/ W()is 1d]} - (3.3.4)

According to Calvo (1983), it is assumed that in a given period only a (1 — 6%)
fraction of households can reset new wages. Parameter 6} shows wage stickiness.
So, households set optimal wage in a way that they cannot change it in the
future. Solving wage setting problem, Phillips curve for wage inflation gets the
form:
mi = By A (mrsi s — (Wi — pit)) (3.3.5)
where
o (1= Bor)(1 -6y
' 0 (1 + i)
Equation (3.3.5) makes it clear, that when the average wage in the economy
is below the desired markup, households, readjusting their nominal wage, tend
to increase the latter, thus generating positive wage inflation.
Taking the identity that miy = Wiw — Wi—1, real wage can be defined by
the following equation:

(3.3.6)

ro__ T w
wiy =wi, g+ — T (3.3.7)
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3.4 Firms

On the production side, there are three sectors: health good sector, social good
sector and other good sector. Intermediate goods producers in each sector use
Ricardian and Non-Ricardian households’ labor to produce the specific type of
good. They operate in a monopolistic competitive environment and use the
production function given as follows:

Yie =A; Ny (3.4.1)
where A; ; is the cyclical technological process and NN; ; is labor hours represented
by CES function, i = {H, S,0}:

ul
mi 1 1 ni—l ;-1

e N, g (3.4.2)

a1
Nig= [(1 =) N;,
The COVID-19 pandemic has seriously disrupted skills across sectors of the
economy, because due to a coronavirus the number of people lost their jobs. For
modeling skill disruption, we endogenize technological process of social sector
and other sector, which negatively depend on infections:

Aj,t = A; + (1 — 5j)Aj,t—1 - ngTLftj j = {S,O} (343)

where A7 is the steady state value of productivity, d; is the depreciation rate
of productivity stock and g;, (; are parameters linking infections to productiv-
ity process. Schematic representation of productivity process is represented in
Figure 3.

Productivity
stock
(previous

_ *
period) .

Infected

people

o=
.

with
depreciation
rate

Figure 3: Endogenous technology

Firms in each sector solve cost minimization problem:

WENS + WNENNE — min (3.4.4)
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subject to
Yie=A;tN;+ (3.4.5)

i
ni—1 1 mi—1 :|ni1

Mo = {(1 — ) Ni e+ N Nt

(3.4.6)

FOCs of the problem are represented by the followings:

1

g —1 1 mi—1 1

= i 7 7 ni=t L 7
Wi = i Pip A {(1 =) Ny gle +77" N g t} (L=%) "N 5, =0 (34.7)

1

1

NR a1 mit Loomicd 7T T
Wy —uz‘,tp"’tA"’t{(l—’Yz')'“N-é“t +’Y"1Nu\7Rt} (vi)"i N; Ngy =0 (3.4.8)

where 11, 1 = mc; + is marginal cost in each sector. In marginal cost equations we
include subsidies that firms get from the government. Intuition dictates, that
when the government subsidizes the one sector, this enables firms operating in
the sector to reduce prices and become more competitive compared to the other
sectors’ firms.

Combining (3.2.7) with (3.2.8), we have:

1 1

Wi 1—v\"( Nyre \ ™
= _— 3.4.9
WHNE ( Vi N; NR,t ( )

Firms set prices following Calvo (1983): in a given period only a (1 — 6)
fraction of intermediate firms can re-optimise their prices. Solving the price
setting problem, we derive Phillips curve in each sector:

Tt = BTigt1 + Aimciy (3.4.10)

where
(1—56;)(1 —6;)

A=
0;

(3.4.11)

3.5 Market clearing

Goods market clearing requires the aggregate output to be equal to aggregate
demand, i.e. to the sum of Ricardian and non-Ricardian households consump-
tion:
=Cft+CNF (3.5.1)
where P P P
St H,t
Y, = —==Y5

tTTp o t Pf

The labor market is in equilibrium When the labor demanded by intermediate

goods firms is satisfied by the labor supplied by Ricardian and non-Ricardian
households:

(3.5.2)

NF=Nf,+N&, + NG, (3.5.3)
NNE = N+ NI+ NOE (3.5.4)
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3.6 Monetary policy

To complete the model, we add an equation for interest rate determined as a
monetary policy rule. Monetary authority operates with a Taylor (1993) type
interest rate rule, which is expressed by following equation

Rt Rt—l Pr Ht+1 Hr th—i-l wyy (1—pr)
7 = | s o - : (3.6.1)

The Central bank is forward looking with an interest rate persistence component
and responds to inflation expectations and the future output gap.

4 Calibration

In this section we report our choice of parameters. The model is calibrated on
a weekly basis. The calibration of the model is general and most of the param-
eter values are taken from DSGE literature. First, we discuss the parameters
related to reproduction rate. Parameters k¢ s, 5n,s, kc,0 and Ky o, which are
the elasticities of the reproduction rate to changes in social good consumption,
employment of social sector, other good consumption and employment of other
sector, are taken 1, 1.2, 0.5 and 0.8, respectively. This calibration is very close
to values used in Kaplan et al (2020). These parameter values are set in a
way that working and consuming in social sector leads to more infected cases.
Recovery rate d,... = 0.4, representing the average duration of infection of 2.5
weeks (Eichenbaum et al., 2020b).

The values of parameters in the utility function relating to the epidemics
WR,VR,WNR,VNR are all negative demonstrating that the increase of infected
people leads to a decrease of consumption and labor supply. Thus, we set
the following values: wrp = —9.5, vg = —=5.9, wyr = —4.5 and vyp = —3.
Indeed, we don’t know true values of these parameters, but we set these values
in a way that vg — wgp > VNygr — wng > 0 showing that the increase of infected
people decreases labor supply more in Ricardian than non-Ricardian households,
because poor households are not able to smooth their consumption.

For the rest of the parameters presented in the model we set following values.
Risk aversion parameters or and oyp for Ricardian and non-Ricardian house-
holds are 1.5 and 1, respectively, implying that Ricardians are more risk averse.
Labor supply elasticity parameters are set or = 2 and oygr = 1.5. Here we
assume that non-Ricardian households are more sensitive to wage rate changes.
Weekly discount factor is set to 8 = 0.99'/3. Price stickiness parameters are
equal g = 0.94, 85 = 0.96 and 6o = 0.92 (prices change on average once a
year). Wage stickiness parameters for Ricardian and non-Ricardian households
are set 0% = 0.25 and 0%, = 0.23 *. Following wide range of literature (Gali
and Monacelli (2005), Christiano et al. (2011), etc.), we set g, ey and o
(the elasticity of substitution among intermediate goods for social, health and

1We could have fully flexible labor market and still obtain our main results. Simulations
are available upon request.
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other sector, respectively) to 6 implying 20% mark-up in steady state. The
elasticities of substitution between varieties of supplied labor for Ricardian and
non-Ricardian households are equal ¢ = 3 and eY® = 12, respectively. The
intuition behind these values is that Ricardian households are more skilled and
their supplied labor is less substitutable compared to non-Ricardian labor ser-
vices.

Share of non-Ricardian labor in social sector is ¥ = 0.7, indicating the
fact that low skilled workers are mostly employed in the social sector. On the
contrary, Ricardian labor predominates in the other sector (o) = 0.4). Equal
weights are given to the Ricardian and non-Ricardian labor forces in the health
sector, ahN R — 0.5. The choice of these parameter values is consistent with
empirical evidence (see Table 2 in Appendix). Depreciation rates of productivity
stocks for social and other sectors are equal dg = 0.2 and dp = 0.05. Here the
assumption is made that skill disruption existing in social sector has a lower
persistence than in other sector, because on average workers in other sector,
who have lost their job due to a coronavirus, regain their skills much later than
social sector employers 2.

The coefficients of the reaction of interest rate to inflation expectations
and output gap pu, are set to 1.2 and 0.125, respectively. The value of the
smoothing parameter in Taylor type rule p, is calibrated to 0.75. This calibra-
tion is very close to values used in the literature. Table 1 in Appendix presents
the calibration of all the parameters.

5 Transmission mechanism of the health shock

This section discuses the dynamics of the main variables of the model in response
to health shock. As many countries subsidize health consumption during Covid-
19, we apply subsidies to non-Ricardian and Ricardian health consumption si-
multaneously with health shock. All the graphs of impulse responses represent
time in weeks (horizontal axis) and vertical axis shows percentage deviation of
variables from their steady states?.

Figure 4 displays the impulse response functions to a health shock. This case
forms a useful benchmark with which to compare alternative scenarios and pol-
icy interventions. Health shock increases reproduction rate which translates into
higher transmission of the disease. That leads to an increase in the number of
infected people. To reduce the reproduction rate Ricardian and non-Ricardian
houscholds decrease both their labor supply and consumption in social and other
sectors. On the contrary, households increase their demand for health goods.
To meet the additional demand, firms in health sector hire more labor. As
a result, increase of production factors in health sector entails an increase of
production itself. Share of health sector in total GDP is small, which results
in a decline of total production due to high decrease in social and other sec-

2For example, a waiter who has lost his job due to a coronavirus can regain his skills much
earlier than an engineer.
3The simulations are implemented within the Dynare software platform.
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tors. Aggregate output falls, with the majority of the drop concentrated in the
social sector, because we assume that probability of getting infected is higher
in social sector. According to the model structure, non-Ricardian household
decreases labor supply less than Ricardian one but a greater decline of demand
in social sector leads to a further reduction in non-Ricardian employment. The
presence of higher price stickiness in social and other sectors prevents inflation
and emerges a deflation. Monetary authority reacts to deflation and negative
output by decreasing interest rate modestly.
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Figure 4: Impulse responses to health shock

As we mentioned above, pandemic has seriously disrupted skills across sec-
tors of the economy, which directly affects productivity of social and other sec-
tors. Other sector productivity requires much time to converge its steady state
value compared to social sector because on average workers in other sector regain
their skills much later than social sector employers. Covid-19 shock increases
inequality? between households for two reasons: firstly, non-Ricardian employ-
ment decreases more than Ricardian employment beacuse of our assumption
that poor households work mostly in social sector and, secondly, non-Ricardian

4We construct an inequality index by the wage income gap and consumption difference
between Ricardian and non-Ricardian households, which is given by:

o= () (e
CgVR WtNRNtNR
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households do not have savings.

6 Monetary Policy

In this section, we discuss the case, when monetary authority deviates from the
previously announced interest rate rule by further decreasing nominal interest
rate in response to health shock (see Figure 5). Expansionary monetary policy
affects the economy through consumption /saving channel. Ricardian households
increase their demand for all types of goods. Additional demand forces firms
to hire both Ricardian and non-Ricardian labor. As a result, compared to the
baseline case, both output and overall employment decrease less. However,
higher economic activity comes with the cost of worse health conditions: the
number of infected people increases. Hence, we get a trade-off between the
recession severity and the health status of the epidemic. Similar phenomenon
was reported in Eichenbaum et al. (2020c) and Asoyan et al. (2020).
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Figure 5: Expansionary monetary policy during pandemic

7 Optimal Policy

Here, we define a social planner, who seeks to minimize its objective function
defined below, using both aggregate and sectoral policy tools available to him.
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Particularly, in this setup as a social planner we have the government, whose
objective function is to minimize the output loss and the number of infected
people:

o0
EY B (yiy +w x Inffy ;) — min (7.0.1)
=0

where w is the weight of infected people in social planner’s objective function.

7.1 Tax/Subsidy to Aggregate Consumption

Figure 6 presents the results of optimal Ramsey policy when the social planner
uses the aggregate consumption tax as a policy tool. Blue solid line represents
the baseline simulation. In the first case, Ramsey planner puts less weight on
health (w = 25, red dotted line) in her objective function and vice versa when
she cares more about health situation (w = 100, green dash-dotted line). In
the latter case, she increases tax rate substantially compared to the case when
she is more concerned with economic conditions. As a result, we have bigger
output loss and less infected people. Similar to monetary policy, aggregate tax
tool does not improve both GDP and health outcome leading to the creation of
trade-off.
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Figure 6: Optimal policy during COVID-19 - tax/subsidy to aggregate con-
sumption
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7.2 Optimal Policy and Early Exit during COVID-19

This subsection discusses the case, when Ramsey planner deviates from optimal
policy path and exits earlier. Ramsey planner has tax/subsidy to aggregate
consumption as a policy instrument. Saying early exit we mean that the planner
after some periods stops using his policy instrument and turns it off. Figure 7
compares the simulation of early exit with baseline one and when social planner
completely follows optimal policy path. In the case of early exit, the planner
is able to save some decline in GDP but the increase in the number of infected
people is very sharp. When planner deviates from optimal policy path, he
contributes to the increase in inequality.
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Figure 7: Optimal Ramsey policy and early exit during COVID-19

7.3 Tax/Subsidy to Other Sector

This subsection applies sectoral policy to minimize welfare losses created by
health shock. Ramsey planner has tax/subsidy to other sector as a policy instru-
ment. Figure 8 compares the mentioned simulation with the baseline one when
there are no any policy interventions. Ramsey planner subsidizes and boosts
other sector. As a result, planner kills social sector. The expansion of other sec-
tor means the increase of demand for Ricardian employment. On the contrary,
the reduction of social sector leads to more decline in non-Ricardian employ-
ment. When the planner subsidizes other sector, it becomes more competitive
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which brings on deflation in this sector. As a result, the number of infections de-
creases. Use of this tool results in an improvement of both economic and health
conditions, which could not be achieved with aggregate macroeconomic policies.
What refers to inequality, this policy always leads to the increase in inequal-
ity, because the reduction of the social sector means shrinking of non-Ricardian
employment.
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Figure 8: Optimal policy during COVID-19 - tax/subsidy to other sector

7.4 Tax/Subsidy to Social Sector

Figure 9 presents the case, when social planner changes the tax/subsidy rate
imposed on social sector as a policy tool. The results are similar to the ones
presented in subsection 7.3, when Ramsey planner has a tax/subsidy rate for
other sector as a tool. Here, the optimal policy for planner is to tax rather than
subsidize the social sector firms making them to reduce their production. Other
sector becomes relatively more competitive, since higher tax rate for social sector
means higher marginal costs. The transmission channel and results are similar
to the previous case. Thus, though we get lower output loss and infected rate,
the inequality increases since more Ricardian households are employed in the
other sector.
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Figure 9: Optimal policy during COVID-19 - tax/subsidy to social sector

7.5 Expanding Health Sector

Here we allow Ramsey planner to have two instruments: aggregate consumption
tax and tax/subsidy to health sector. In reality, countries have restricted finan-
cial resources and capacities for expanding the health sector. Therefore, we also
set restrictions on how much the government can subsidize the health sector.
We consider three cases: firstly, when government has few financial resources
and capacities for subsidizing health sector. In the second case, government
has moderate resources for health sector. And finally, government can subsidize
the health sector to a large extent. Figure 10 compares aforementioned scenar-
ios with baseline one. Simulation results show that the planner can fight the
epidemic by expanding the health sector and providing aggregate consumption
subsidy to households. In case of government with less resources, the planner
initially keeps economic restrictions then starts to subsidize the consumption.
This policy has a negative impact on GDP. Compared to the baseline scenario,
there are improvements in terms of health situation in all three cases. What
refers to inequality, this combination of policies leads to the decline in inequality
caused by COVID-19 shock.
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Figure 10: Optimal policy during COVID-19 - tax/subsidy to health sector

8 Uncertainty

In all our previous simulations we assume that economic agents, when making
their decisions, have full information about the health situation, particularly,
they always know the exact number of infected people. However, this assump-
tion can be too strong and in reality, both economic agents and policy makers
could have the incomplete picture of the pandemic. This section presents the
results of model’s simulations, when either only economic agents or both eco-
nomic agents and social planner have partial or incomplete information about
the spread of the virus. After the shock hits the economy, they use adaptive
learning mechanisms® to update their information sets and expectations.

8.1 Full and Partial Information Sets

First, we compare our baseline (agents have complete information about pan-
demic) case with the case, when economic agents have partial or incomplete
information about the spread of virus. Figure 11 plots the IRFs. Size of the
shock is the same in both cases. However, since in the second case people cannot
observe the true situation of pandemic, they make decisions which differ from

5See, for example, Slobodyan and Wouters (2012a,b) and Rychalovska (2016)
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the benchmark case. Particularly, since in our setup economic agents under-
estimate the number of infected people, they do not reduce their labor supply
and consumption demand. As a result, the economy doesn’t contract during
the first periods following the shock and the virus spreads more rapidly. But
since the time passes, agents realize the true epidemic situation and they cut
consumption demand and labor supply even more to stabilize and reduce the
number of infected people. To conclude, we see that under partial information
setup with adaptive learning mechanisms, the effects of the shock are stronger
compared to the benchmark case.
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Figure 11: Full and partial information sets

8.2 Optimal Policy during Uncertainty

Having established the uncertainty we know discuss the optimal policies, when
the social planner has full information in contrast to households and firms. Also
we discuss the case when the social planner doesn’t know the true number of
infected people. In both cases, as a policy tool, the Ramsey planner has the
consumption tax.

Figure 12 illustrates the first case. The graphs show that because agents’
decisions deviate from the optimality, the social planner having full information
and therefore, knowing exactly, what’s going on in the economy should be more
aggressive and impose stricter restrictions in order not to allow the number of

25



infected to rise more compared to the case, when all agents have full information.
Moreover, by imposing higher taxes, all variables behave similar to the case with
full information setup. Thus, Ramsey planner can overcome the inefficiency
created by information bias with higher tax rate.
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Figure 12: Optimal Ramsey policy during COVID-19 - full and partial infor-
mation setup

As a last simulation, we illustrate the case when social planner has a partial
information as well. Figure 13 depicts this case. As one can see, when the
planner has partial information about the spread of COVID-19, it is optimal to
employ stricter restrictions compared to the case with full information. Then he
should significantly subsidize the economy. Nevertheless, as far as Ramsey plan-
ner doesn’t have complete information about the virus, the actual realization
of infected is always higher compared to the case when planner has complete
information. To sum up, here, as well as in the previous case the planner can
almost solve the problem of partial information by introducing the right size of
restrictions.
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9 Conclusion

This paper incorporates the spread of the virus into New Keynesian DSGE
framework. To model the interaction between the behaviour of economic agents
operating in the economy and the pandemic, we model the reproduction rate
varying over the course of pandemic and allowing four behavioural channels:
working and consuming in social and other sectors increase reproduction rate
and, hence, the number of infected people. We study the effects of the health
shock on the economy. We find that an epidemic shock leads to a decrease in
the consumption and production of social and other goods. The epidemic is ac-
companied by a moderate decline in the inflation rate and monetary authorities,
following Taylor rule, decreases interest rate.

The paper analyzes the consequences of the expansionary macroeconomic
policy pursued by the central bank. While the interest rate cut mitigates the loss
of total output, it increases the number of infected cases demonstrating trade-off
between economic activity and health consequences caused by the epidemic.

Then the paper discusses optimal policy in times of pandemic. When social
planner uses aggregate consumption tax as a policy tool, he increases tax rate
or, in other words, sets economic restriction in order to prevent the spread
of the virus. Then we discuss the case when Ramsey planner deviates from
optimal policy path and exits earlier. As a result, the planner saves some
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decline in GDP but he contributes to the increase in inequality and the number
of infected people. Having tax/subsidy to other sector as a policy instrument,
planner boosts other sector and kills social one. In case of tax/subsidy to social
sector as a policy tool, we have the similar results. What refers to inequality,
these types of policies always lead to the increase in inequality, because the
reduction of the social sector means shrinking of non-Ricardian employment.
Furthermore, we introduce different types of health constraints and studies the
behavior of optimal policy under these constraints. As a result, the more the
government expands the health sector, the more improvements we obtain in
terms of health situation, economic activity and inequality.

Finally, we introduce uncertainty assuming that economic agents and policy
makers have partial information about true health state. Having partial infor-
mation about the situation of Covid-19, agents do not react rationally, which
results in a high peak of infected. After some period of time economic agents
realize the size of infected and cut the consumption and employment dramat-
ically compared to the full information case, which leads to the high level of
infected number and high drop in GDP. Simulation of optimal policy shows,
that social planner should be more aggressive and apply a twice higher eco-
nomic restrictions. Finally, we discuss the case when Ramsey planner has a
partial information as well. In this context, it is optimal to set initially strict
cconomic restrictions then subsidize the economy more compared to the case
with full information. What refers to infections, social planner with partial in-
formation brings on the higher infected cases compared to the case when planner
has complete information.
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10 Appendix

Parameter Description Calibration
Ko, The elasticity of the reproduction rate to changes in social good consumption 1
KNS The elasticity of the reproduction rate to changes in employment of social sector 1.2
KC,0 The elasticity of the reproduction rate to changes in other good consumption 0.5
EN.O The elasticity of the reproduction rate to changes in employment of other sector 0.8
Oree Recovery rate 0.4
WR Parameter in utility function of Ricardian households -9.5

VR Parameter in utility function of Ricardian households -5.9
WNR Parameter in utility function of non-Ricardian households -4.5
UNR Parameter in utility function of non-Ricardian households -3

OR Risk aversion parameter for Ricardian households 1.5
ONR Risk aversion parameter for non-Ricardian households 1

YR Labor supply elasticity for Ricardian households 2
YNR Labor supply elasticity for non-Ricardian households 1.5

B Discount factor 0.991/13

O Price stickiness parameter for health sector 0.94

Os Price stickiness parameter for social sector 0.96

fo Price stickiness parameter for other sector 0.92

% Wage stickiness parameters for Ricardian households 0.25
0% r Wage stickiness parameters for non-Ricardian households 0.23

£g The elasticity of substitution among intermediate goods for social sector 6

el The elasticity of substitution among intermediate goods for health sector 6

€0 The elasticity of substitution among intermediate goods for other sector 6

el The elasticity of substitution between varieties of supplied labor for Ricardian households 3
eNE The elasticity of substitution between varieties of supplied labor for non-Ricardian households 12

ds Depreciaton rate of productivity stock for social sector 0.2

do Depreciaton rate of productivity stock for other sector 0.05

I Reaction to inflation expectations 1.2

Jly Reaction to output gap 0.125

Pr Persistence parameter 0.75

gs Parameter in endogenous productivity for social sector 1

go Parameter in endogenous productivity for other sector 2
g Parameter in endogenous productivity for health sector 1

s e elasticity of social sector productivity to changes in number of infecte; .
The elasticity of social sect ductivity to changes i ber of infected 0.2

(o The elasticity of other sector productivity to changes in number of infected 0.1

W The elasticity of infected to changes in reproduction rate 0.02

" Share of non-health goods in total consumption 0.95

5 Share of other goods in non-health consumption 0.6

CR Ricardian consumption share in total consumption 0.7
CNR Non-ricardian consumption share in total consumption 0.3

Ys Share of social output in GDP 0.4

Yo Share of other output in GDP 0.55

Yh Share of health output in GDP 0.5

ni Share of social workers in Ricardian labor 0.25
nlt Share of other workers in Ricardian labor 0.7
ni Share of health workers in Ricardian labor 0.05
nNE Share of social workers in Non-ricardian labor 0.5
Yl Share of other workers in Non-ricardian labor 0.45
iyt Share of health workers in Non-ricardian labor 0.05
alN i Share of non-Ricardian labor in social sector 0.7
al’ Share of non-Ricardian labor in other sector 0.4
alNE Share of non-Ricardian labor in health sector 0.5

m The elasticity of substitution between health and non-health goods for Ricardians 1

2 The elasticity of substitution between health and non-health goods for non-Ricardians 1.1

3 The elasticity of substitution between social and other goods for Ricardians 1.5

n The elasticity of substitution between social and other goods for non-Ricardians 1.6

Table 1: Calibration
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. Less th: i , pri y 3 36-5 lary . .
Classification of economic activities ess than primary, primary and  Upper secondary and post-secondary Tertiary education

lower secondary education non-tertiary education

Transportation and storage (social sector) 22% 61.8% 16.2%

Accommodation al'ld food service activities 32.7% 54.6% 12.7%
(social sector)

Information and communication 5.6% 36% 58.4%
(other sector)

Professional, scientific and technical activitics 55% 36% 58.6%
(other sector)

Human health and social work activities 14.4% 48.3% 37.4%

(health sector)

Source: Eurostat, EU - 27 countries

Table 2: Employees by educational attainment level
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