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Abstract. The COVID-19 pandemic constitutes one of the largest
threats in recent decades to the health and economic welfare of populations globally. In this paper, we analyze different types of policy measures designed to fight the spread of the virus and minimize
economic losses. Our analysis builds on a multi-group SEIR model,
which extends the multi-group SIR model introduced by Acemoglu
et al. (2020). We adjust the underlying social interaction patterns
and consider an extended set of policy measures. The model is calibrated for Germany. Despite the trade-off between COVID-19 prevention and economic activity that is inherent to shielding policies,
our results show that efficiency gains can be achieved by targeting
such policies towards different age groups. Alternative policies such as
physical distancing can be employed to reduce the degree of targeting
and the intensity and duration of shielding. Our results show that a
comprehensive approach that combines multiple policy measures simultaneously can effectively mitigate population mortality and economic harm.

We will never get tired of saying that the best way out of this pandemic is to take a comprehensive
approach. [...] Not testing alone. Not physical distancing alone. Not contact tracing alone. Not
masks alone. Do it all.
Tedros Adhamom Ghebreyesus, WHO Director-General, July 1, 2020
1. Introduction. The COVID-19 pandemic constitutes one of the largest threats in recent
decades to the health and economic welfare of populations globally. A key challenge for policy makers
everywhere is to prevent SARS-CoV-2 infections while avoiding economic losses of a magnitude
that would result, in the long run, in an unacceptable level of negative effects on population health
and well-being. Policy makers in most countries have reacted to the pandemic by imposing strict
lockdown policies. In some countries and regions, strict lockdowns have remained in effect for many
months or have been reimposed after initially being relaxed. Although such policies have slowed the
spread of the virus by reducing social interactions, the more severe lockdowns have been accompanied
by a large decline in economic activity. While protecting health and saving lives must, of course,
take the highest priority, an optimal policy has to weigh both health and economic losses – that
is, keeping mortality as low as possible, on the one hand, and mitigating an economic downturn on
the other. In doing so, the goal is to identify a so-called efficient frontier – in other words, possible
combinations of measures that that achieve a certain, ideally very low level of population mortality
with minimal economic loss or vice versa. Once an efficient frontier for a set of different lockdown
strategies has been constructed, a comparison of these strategies allows policy makers to achieve
efficiency gains. The point on the efficient frontier that is considered desirable is a decision that
must be made by policy makers and, ideally, society as a whole.
∗
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In a recent contribution, [1] extend the classical SIR model, which is well-known from the epidemiological literature, by explicitly incorporating the trade-off that policy makers must consider in
times of the pandemic. The authors derive the efficient frontier for different policies and show that
efficiency gains can be achieved by targeting lockdown policies at different age groups, each of which
is, in turn, characterized by different productivity and mortality risks.1 In a setting calibrated to the
U.S. population and economy, they show that protecting the most vulnerable group (i.e., those aged
65 and older) with stricter shielding rules (i.e., targeted shielding) is associated with fewer losses
than a blanket shielding policy (also referred to as a uniform shielding, i.e., a policy that applies
equally to all groups). [1] briefly mention and discuss a potential extension of the multi-group SIR
model to the SEIR case. Here, we continue their analysis and analyze a variety of policy measures
within the SEIR model. We explicitly state the key equations of this model and calibrate it to social
interaction patterns as estimated in [15].
In this paper, we consider a model that is calibrated to Germany – that is, we adjust it to the
country’s demographic and economic characteristics, as well as its system of health care provision.
Germany and the U.S. differ in many regards, such as the demographic structure of the population,
age-specific employment and income patterns, and the capacities of the health system. We present
the results of the model and discuss various policy measures, such as group distancing, test strategies, contact tracing, and combinations of these. We also discuss in detail how a targeted policy,
protecting vulnerable groups like old people, might be implemented in practice and discuss some
policy examples.
Mortality from COVID-19 is particularly high among older people, [9], whose productivity is
relatively low. Hence, a targeted shielding policy that limits face-to-face contacts with persons
aged 65 or older might lead to lower mortality in this population group and less damage to the
economy. Additionally, a set of potentially voluntary policies that reduce transmission rates and
social contacts could, in principle, be considered as an alternative to age-targeted shielding. Indeed,
in our analysis, we find that testing, contact tracing, group distancing and improved conditions
for working from home help to reduce the economic costs of the pandemic and the intensity and
duration of age-targeted shielding. Moreover, if these measures are combined in a comprehensive
approach as described in the initial quote by Tedros Adhamom Ghebreyesus, population mortality
and economic outcomes improve substantially. Throughout our analysis, the efficiency gains associated with age-targeting remain relatively stable and sizable, and we recommend exploiting these
gains by improving conditions for individuals at high risk, for example by providing services such as
special shopping or consultation hours for older people, as well as testing capacities for those who
have contact with high-risk groups to decrease the probability of infections.
The rest of this paper is structured as follows: In Section 2 we briefly introduce the multi-group
SEIR model. In Section 3 we describe our specification of the parameters for the SEIR model for
Germany. Section 4 presents the results and describes the optimal policies comprising measures such
as group distancing, testing, contact tracing and improved medical treatment. Finally, a conclusion
summarizes the results and makes a range of policy recommendations.
Because there is still so much that we do not know about SARS-CoV-2, including the transmission
rate, mortality rates and aspects related to immunity, all of the results reported throughout the
paper must be interpreted with caution. As in the study by [1], we do not focus on presenting
absolute quantitative results, such as GDP forecasts, but rather qualitative insights into potential
policy measures that are considered in variation-of-parameters analyses.
1
[1] employ the term “lockdown” to denote policies that limit social interactions, such as leisure activities or faceto-face interactions at work. In the following, we will refer to these policies as “shielding” measures to underscore the
underlying concept of protecting people with higher mortality risks due to higher age or comorbidities.
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Literature review. The classical SIR and SEIR models are used widely in epidemiology and
described in many standard textbooks. Driven by the COVID-19 crisis, various extensions of the
standard epidemiological models have been developed and modified to consider economic factors.
For example, [4] include individual choices about the amount of time spent on activities outside the
house, such as work or consumption, to the standard SIR epidemiological model. These activities
are associated with externalities, i.e., higher risk of transmission to and from others. The model
also incorporates heterogeneity in terms of age and different policy measures, such as testing or
quarantines. [3] provide an extended SEIR model focusing on testing and quarantine measures and
thereby explicitly address the imperfect information that arises due to the fact that cases can be
symptomatic or asymptomatic. A recent study by [13] extends a classical SEIR model by introducing
a high and low risk group that differ, for example, in hospitalization and mortality rates. Their
study focuses on the evolution of infected, recovered and deceased, i.e., the epidemiological aspects
of the SEIR model in a parametrization calibrated to Germany. While a blanket shielding policy
(i.e., for the entire population) is, of course, the optimal way to protect everyone from infection,
the associated economic losses might become substantial. The multi-group SEIR model incorporates
economic costs that arise due to sick leave, productivity losses when individuals work from home and
discounted lifetime income losses from deaths due to COVID-19. Moreover, important indirect health
consequences are associated with strict shielding measures, such as missed appointments for other
conditions, less exercise, mental health issues, increased alcohol consumption, social isolation and
increased levels of domestic abuse. While these indirect, non-pecuniary costs are not incorporated
in our study, it might be useful to model them in future work.
We build on the work of [1], who study targeted shielding policies in a multi-group SIR model, and
thereby address the trade-off between mortality and economic losses. They consider two possible
targeting strategies: finding separate, optimal shielding policies for the young, middle-aged and
senior groups (the so-called “fully targeted” policy) or imposing two separate shielding policies, one
for the senior group and the other for the young and the middle-aged (so-called “semi-targeted”
shielding). In their baseline results, semi-targeted policies are associated with substantial efficiency
gains that cannot be improved substantially by fully targeted policies.
While [1] analyze the optimal policy for the U.S., we extend their framework and calibrate it to
Germany. Our baseline model is a SEIR model that incorporates contact patterns as estimated by
[15], who evaluate data from the BBC pandemic project in 2017 and 2018. Moreover, we consider
a broader set of policy measures, such as testing and contact tracing, as well as various forms of
group distancing.
2. Multi-Group SEIR Model. In this section, we briefly describe a SEIR model based on
[1], who focus in their analysis on the SIR model and state that their conclusions also hold for the
SEIR version. For an in-depth discussion with additional information on the theoretical set up of the
original SIR model, we refer to [1]. One of the major features of the framework is that it allows the
population to be partitioned into subgroups that are heterogeneous in terms of their productivity
and mortality rates. In particular, we consider the following three subgroups: young (20-49 years),
middle-aged (50-64 years) and senior citizens (65+ years). Accordingly, there are age-group specific
compartments for susceptible (Sj ), infectious (Ij ), recovered (Rj ) and deceased (Dj ) persons, with
j = y, m, s referring to the young, middle-aged and senior groups. The epidemiological SEIR model
extends the SIR model by the compartment of exposed individuals − that is, those who have been
infected by the virus but whose infection is not yet sufficiently severe that they have symptoms
or are infectious. Hence, the model considered in the following incorporates a compartment Ej for
each age group in addition to compartments Sj , Ij , and Rj at each point in time t ∈ [0, ∞).
Sj (t) + Ej (t) + Ij (t) + Rj (t) + Dj (t) = Nj .
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Fig 1. Compartments in a two-group SEIR model. The red arrows illustrate the potential channels of infections through
physical contacts.

Nj is the number of initial members in each group, j = y, m, s. The compartment structure of
a two-group SEIR model is illustrated in Figure 1 with the red arrows indicating the paths of
transmissions through contacts of infectious and susceptible.
Without any policy intervention that enforces shielding of the population or isolation of those
who are infected, the (gross) number of new infections in the segment of exposed (Ej ) and infectious
(Ij ) is governed by the following equations
X
(2.1)
New exposed in group j = Mj (S, E, I, R; α) · β · Sj ·
ρjk Ik
k

(2.2)

New infected in group j = γjI · Ej ,

where {ρjk } are parameters for the contact rate between group j and k and Mj (·) refers to a
matching technology, with Mj (·) = 1 if α = 2 which is our baseline case. The parameter β denotes
the transmission rate from contacts between individuals in Ij and Sj and γjE is the exit rate from
the latent state to the infectious state.
2.1. Model Assumptions. In this section we describe and discuss the model assumptions.
Infection, ICU, Fatality and Recovery. In the SEIR model described above, a transmission of
SARS-CoV-2 arises through contact of susceptible individuals with infectious individuals. After an
average latent period γ1E , they become infectious themselves. Individuals in compartment Ij may
j

require ICU care. We assume for simplicity that a need for ICU is apparent immediately after
entering state Ij . ICU patients either recover with Poisson rate δjr or die at Poisson rate δjd . NonICU patients will always recover at Poisson rate γjI . The death rate can vary with total ICU needs
relative to capacity. We assume that
γj = δjd (t) + δjr (t).

OPTIMAL POLICY FOR FIGHTING A PANDEMIC

5

This means that the proportions of ICU and non-ICU patients among the infected do not change
over time in group j. Hj (t) denotesP
the number of individuals needing ICU care at time t in group
j, so that Hj (t) = ιj Ij (t). H(t) = j Hj (t) is the total need for ICU. The probability of death is
a non-decreasing function of the number of patients, such that the probability of death will rise if
the capacity is exceeded:
δjd (t) = ψj (H(t)),
for a given non-decreasing function ψj .
Testing, Contact Tracing and Isolation. Detection and isolation of infected individuals is not
perfect. In the SIR model, [1] denote the probability that an individual in compartment Ij is not
detected and put in isolation by ηj . In their analysis, comparative statics are performed to illustrate
the consequences of variation of ηj , for example due to intensified testing. Incorporating the group
of exposed (Ej ) in a SEIR model allows tests to be performed for those who have had contact with
an infected person. This setting could be considered a simplified form of contact tracing, for instance
enabled by a smartphone application that records physical contacts. Hence, quarantining those who
have been in contact with infected individuals might enable policy makers to exclude these infected
but not yet infectious individuals from social interactions. Accordingly, we denote the probability
that a person in compartment Ej or Ij is not detected and isolated by ηjE and ηjI , respectively, and
thereby avoid including additional state variables. In this manner, we can model the fact that only
those infected who have not been detected and isolated in stage Ej or Ij contribute to the spread
of the disease via their contacts.
Shielding and Physical Distancing. Shielding policies describe all measures that reduce the rate
of transmission of infections in social and business life and physical distancing. The productivity of
members of j is wj without shielding and ξj wj with shielding, with ξj ∈ [0, 1]. Lj (t) = 1 refers to
a full shielding policy and Lj (t) = 0 to a situation without any restrictions to social interactions.
Lj (t) ∈ (0, 1) would be partial shielding, for example by shielding a (potentially randomly and
independently drawn) fraction of the population. It is assumed that shielding cannot be perfectly
enforced and that, with shielding, the effective reduction in social interaction is only 1 − θj Lj (t)
with θj < 1.
Contact Rates. We implement a version of the SEIR model that incorporates social interaction
patterns to capture the major findings in [15] – that is, high rates of interaction within and by the
group of young and decreasing intensity of interactions with age. The study evaluates large-scale
data on the frequency and intensity of social interactions that were collected in the BBC Pandemic
project in the UK in 2017 and 2018 and make it possible to derive age-specific contact rates. To
model the group interaction within and between groups, let denote ρ0jk the elements of the contact
matrix


1.0 0.5 0.4
ρ0 =  0.5 0.6 0.4  ,
0.4 0.4 0.5
with the first row and column referring to the young group, the middle row and column referring
to the middle-aged group and the third row and column referring to the senior citizen group.2
The contact estimates of [15] refer to a pre-pandemic setting and, hence, constitute the benchmark
2
An example: The entry of a contact matrix ρ23 represents the contact rate that applies to interactions of members
of the middle-aged and the senior age group, i.e., ρms . Due to symmetry of the matrix, it holds that ρ23 = ρ32 .
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scenario for comparison to social distancing policies. To incorporate voluntary reductions of physical
contacts, we base our baseline results in Section 4 on a rescaled contact matrix that presumes a
25% reduction in physical contacts.


0.750 0.375 0.300
ρ = 0.75 · ρ0 =  0.375 0.450 0.300  ,
0.300 0.300 0.375
Incorporating more realistic contact patterns in the SEIR model with multiple groups is important
for evaluating policy measures that are targeted at different age groups. For example, lower rates
of contact between the vulnerable group (i.e., senior citizens) and younger people might allow for
less intense shielding patterns.
Physical Distancing, Face Masks and Additional Hygiene Measures. Various mandatory or voluntary policies can be employed to reduce the transmission rate of SARS-CoV-2. These measures
range from a general reduction in face-to-face or physical contacts (for example, by imposing strict
physical distancing measures that apply equally to all age groups) or specific interventions that aim
to protect especially those who are most vulnerable. The latter include, for example, a reduction
in face-to-face contacts with senior citizens – for instance by placing restrictions on visits to nursing homes or prescribing mandatory (reusable or disposable) face masks during for contacts with
senior citizens. For example, [8] undertook a systematic review and meta-analysis of studies that
examined the effectiveness of face masks and physical distancing for COVID-19 and related diseases
(e.g., MERS and SARS). Accordingly lower transmission rates are associated with greater physical
distance and the use of N95 face masks and comparable respirators rather than disposable surgical
masks. There are a huge number of potential policy measures that aim to reduce the transmission of
SARS-CoV-2, all of which can be employed in combination. We list a few examples of such measures
in Section 4.3. Something that all of these measures have in common is that they effectively change
or rescale the elements in the contact matrix ρ. In our analysis, we focus mainly on two variants
of group distancing, namely (i) so-called uniform group distancing, which effectively reduces the
contact rates in ρ for all groups (corresponding to a multiplication of the matrix (corresponding to
a multiplication of the matrix ρ with a scalar ν), and (ii) group distancing policies with a focus on
the vulnerable that refer only to interactions with the group of seniors and the elements ρsj with
j = y, m, s, and ρjs , respectively. Moreover, it is possible to simulate settings in which the level of
interactions within the senior group might be left unchanged, thus reducing the impact on daily
interactions with others at the same age.
Improved Conditions for Working from Home. Working from home can be an effective way
to reduce the costs of the pandemic and of shielding policies. To host a scenario with improved
conditions for working from home, we (i) implement a parameter constellation with respect to the
contact rates within and between the young and middle-aged group and between these groups and
the senior group and (ii) decrease the productivity loss associated with working from home, ξj .We
believe that this captures some aspects of working from home in that those who are most likely to
be employed can reduce their social interactions with lower economic losses. Changes in terms of (i)
are imposed by scaling the entries of the contact matrix ρyy , ρmm , ρym by a factor π1 and a scaling
the contact rates ρys and ρms by π2 with π1 < π2 .
Vaccine and Cure. [1] assume that a vaccine and an effective drug for all infected individuals
becomes available at some date T and that full immunity is achieved and maintained after an
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infection.3 In our analysis, we will evaluate changes in T resulting from a faster development of a
vaccine - for example after one year or six months.
Currently, there are various treatments for COVID-19 that have been approved or are being
evaluated in clinical trials. We assess the implications of a medical treatment with respect to the
optimal shielding policy. Put simply, a new treatment could have any of the following three effects:
(i) reduce the length of hospitalization, (ii) reduce the probability of dying from COVID-19, (iii)
reduce the probability that an infection with SARS-CoV-2 becomes severe. We will focus on the
availability of a treatment that leads to a reduction in mortality from COVID-19 for the group of
senior citizens because most deaths and severe cases have been observed in this age group (e.g., as
reported for Germany in [16]).
2.2. Dynamics in the MG-SEIR Model. If vaccine and cure are unavailable, the number of
individuals in the exposed compartment for group j evolves according to the differential equations
for all t ∈ (0, T )
X
Ėj = Mj (S, E, I, R, L; α)β(1 − θj Lj )Sj
ρjk ηkE ηkI (1 − θk Lk )Ik − γjE Ej ,
k

for nonnegative β and contact coefficients ρjk and where
Mj (S, E, I, R, L; α) ≡

X

ρjk (Sk + ηkE Ek + ηkE ηkI Ik + (1 − κk )Rk )(1 − θj Lk ) + κk Rk


!α−2


.

k

In the quadratic case Mj (S, E, I, R, L) = 1. The parameter κj refers to the share of recovered
individuals that can return to work and social life while being exempted from shielding policies due
to immunity.4 Setting ηjE = 1 for all j refers to a setting where it is not possible to test and isolate
exposed individuals. However, a value ηjE < 1 means that the effective number of individuals who
contribute to further spread of the disease can be reduced by contact tracing and isolating those
who have been exposed.
The rest of the laws of motion for t ∈ (0, T ) are
(2.3)

= −Ėj − γjE Ej ,

(2.4)

Ṡj
I˙j

= γjE Ek − γjI Ij ,

(2.5)

Ḋj

= δjd Hj ,

(2.6)

Ṙj

= δjr Hj + γjI (Ij − Hj ),

where Hj = ιj Ij denotes the number of ICU patients in group j. After discovery of a vaccine and
cure at T , every individual alive is in the recovered category.
2.3. Efficient Frontier. The government can control the degree of shielding Lj (t) for each group
j at any point in time t ∈ [0, T ). In particular we will compare uniform policies (i.e., blanket policies
with Lj (t) = L(t)) and group-specific (i.e., targeted) policies. The goal of the social planner is to
minimize the overall costs of the pandemic, which consist of two parts:
3

In line with [1] we focus on the case with deterministic arrival of a vaccine.
We acknowledge that there is not yet a consensus on whether individuals become immune to SARS-CoV-2 after
an infection and whether such immunity, if achieved, is maintained for a substantial period. The empirical evidence
on both points is mixed. We follow the baseline setting in [1] with κj = 1 for all j and repeat the robustness checks
with setting κj = 0 for all j. The main conclusion remains valid and results are omitted for the sake of brevity.
4
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1. Lives Lost =

P

Dj (T ).
RT P
2. Economic Losses = 0
j Ψj (t)dt.
j

The economic losses for group j are given by
(2.7)

Ψj (t) = (1 − ξj )wj Sj (t)Lj (t) +
+ (1 − ξj )wj Ej (t)(1 − ηkE (1 − Lj (t))) +
+ (1 − ξj )wj Ij (t)(1 − ηkE ηkI (1 − Lj (t))) +
+ (1 − ξj )wj (1 − κj )Rj (t)Lj (t) +
+ wj ∆j ιj δjd (t)Ij (t),

where the second term refers to the income loss of exposed individuals under shielding. The third
term in the economic cost function is now adjusted to the case with the testing and isolation
of exposed individuals, as well. ∆j captures the present discounted value of a group j member’s
remaining employment time until retirement, which is lost due to death. The objective function is a
weighted sum of both losses with weight factor χ and the task is to choose a shielding policy which
minimizes
Z TX
X
Ψj (t)dt + χ
Dj (T ).
0

j

j

Varying the values for χ makes it possible to identify the efficient frontier - in other words, to find
the policy that minimizes the objective function for a given χ. Hence, the policy recommendations
that can be obtained from an analysis of the efficient frontiers do not depend heavily on a specific
choice of χ but rather reflect the difficult trade-off that policy makers face in the pandemic [1].
3. Specification and Calibration. Before we discuss optimal shielding policies in the multigroup SEIR model, we will first comment on how we set and calibrated the parameters for Germany.
We will present adaptations of country-specific parameters that would also apply to a calibration
of the initial multi-group SIR model in [1]. These parameters refer to demographic and economic
conditions, as well as to characteristics of health care provision in Germany. Second, we will discuss
the adaptations of the SIR model parameters to a SEIR version based on information from the
Robert Koch Institute (RKI) as of July 2020. Finally, we will comment on the ation of the basic
reproduction number R0 .
3.1. Country-specific Parameters.
Calibration of Socio-Demographic and Economic Parameters. Germany has a demographic composition that is substantially different from that of the U.S. In particular, the share of the group
aged 65 and older is larger and that of the young group is smaller than in the U.S. For example, the
median age in the U.S. is around 38 [7] years whereas it is around 45 years in Germany [12]. Using
data from German micro census from 2018 as provided by the German Federal Statistical Office [5]
and [6], we calculated the remaining lifetime earnings as displayed in Table 1 assuming retirement
at age 67.
An interesting difference that we observed in the comparison of Germany and the U.S. is the
distinct employment patterns in the group aged 65 and above. Whereas approximately 20% of individuals in this group are still employed in the U.S., the corresponding share for Germany amounts
only to around 7%, leading to the re-weighted per-capita earnings in Table 1. In both countries, the
median earnings are relatively similar for those who are employed in the middle-aged group and the
senior groups.
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Parameter

US
1. Socio-demographic and economic

Population shares
{Ny , Nm , No }
Per capita income
{ωy , ωm , ωo }
Remaining years in empl.
{∆y , ∆m , ∆o }

GER

{0.53, 0.26, 0.21}

{0.46, 0.28, 0.26}

{1.00, 1.00, 0.26}

{1.00, 1.00, 0.085}

{32.50, 10.00, 2.50}

{32.43, 10.44, 2.50}

2. Health-care related
Mortality penalty
λ
ICU constraint
H̄(t)

1.00

{0.20, 0.40, 0.60, 0.80}

{0.016, 0.020}

{0.020, 0.030, 0.040}

Table 1
Parameters for the United States and Germany. The underlined mortality parameter indicates the choice in the
baseline setting. The remaining values for λ and H̄(t) are used in robustness checks.
US GER
Acute Care beds/10,000 pop. 24.00 60.00
(OECD, 2020)
ICU beds/10,000 pop.
2.58
3.39
(OECD, 2020)
ICU beds/10,000 pop.
3.13
3.89
(AHA, 2020, DIVI, 2020)
Table 2
Hospital beds and ICU beds. Source: [10], [2], [11]. [2] refers to adult ICU beds and population only.

The demographic distribution of the population in Germany implies that the share of persons who
have a higher risk of dying from COVID-19 is relatively large. Thus, uniform shielding policies that
aim to keep mortality in the entire population at a low level are expected to be more costly in terms
of economic damage. At the same time, the group of senior citizens accounts for a relatively low
share of GDP, implying that targeted policies are more favorable. Shielding targeted only towards
the elderly therefore makes it possible to reduce overall mortality while allowing the younger and
economically more productive groups to continue working.
Calibration of Health and Medical Variables. Calibrating the model in terms of parameters that
are related to health care provision is challenging - for example due to limited comparability of
hospital capacities and their dynamic expansion in reaction to the pandemic [10]. We performed
various variations to parameters of the original SIR model of [1] and its SEIR version which are
provided, in part, in the Appendix and chose one of these parameter configurations as a baseline
setting in our analysis as described in the following.
Health care provision in Germany is considerably different from that in the U.S. In a recent report,
the Organisation for Economic Cooperation and Development (OECD) [10] compares health care
provision across different countries. We list the numbers of hospital and ICU beds for the U.S.
and Germany in Table 2. Due to the dynamic expansion of hospital capacities during the COVID19 pandemic in both countries, we add more recent, constantly updated data from the American
Hospital Association (AHA)[2] and the German Interdisciplinary Association for Intensive and
Emergency Medicine (DIVI) [11]. Compared to the OECD data, the number of ICU beds reported
by AHA and DIVI has increased by around 21% in the U.S. and around 15% in Germany. The
number of ICU beds is frequently reported to be one of the crucial measures of whether countries
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are able to keep mortality from COVID-19 low. According to the report by [10], Germany is the
country with the highest ICU capacities among all OECD members. Germany not only has more
ICU beds per capita than the U.S.; other measures, such as the number of hospital beds or coverage
with public health insurance [10], suggest that the health care system in Germany has comparably
greater capacities (per capita) than that of the U.S.
To take account of these differences, we adjust the parameter λ, which enters the relationship
of the daily mortality rate, δjd , and hospital capacities at time t, H(t), to a default value λ = 0.6,
which is smaller than λ = 1 as chosen in the analysis of [1].
(3.1)

δjd = δ dj · [1 + λ · H(t)] ,

where δ̄jd is the baseline mortality rate for group j with δy = 0.001, δm = 0.01 and δs = 0.06.5
We refer to Figure 18 in the Appendix for illustrations of the variation of health-provision-related
parameters. An alternative to specifying the parameter λ would be to impose a hard ICU constraint
by enforcing H(t) < H̄(t) as was done in the original study of [1]. This would reflect more generous
capacities than in the U.S.
Allowing for a less sensitive relationship between mortality and ICU needs (i.e., lowering the value
of λ in 3.1) reflects the policy maker being able to achieve lower mortality rates at a given (possibly
high) number of infections. Similarly, a higher bound on available ICU beds (i.e., increasing H̄(t))
implies that the policy maker faces a trade-off between mortality and economic damage under
relaxed capacity constraints. We performed several variations with respect to the health-related
parameters and refer to some examples illustrated in Figure 18 in the Appendix. These changes can
all be summarized generally as restrictions to the set of possible options that are available to policy
makers in situations in which infection rates are high.
3.2. Parameters for the SEIR model. The multi-Group SEIR model is able to adapt to some
characteristics specific to SARS-CoV-2. For example, one characteristic of the virus is that infections
are frequently caused by some exposure to infectious persons through personal contact. To model
the period spent in states E (i.e., carrying the virus but not exhibiting symptoms and neither being
infectious) and I (i.e., potentially exhibiting symptoms and being infectious), we base the rates γjE
and γjI on the conclusions of the Robert Koch Institute as provided in the RKI COVID-19 report
[17]. In our analysis, we assume that the latent period is 6 days (γjE = 61 ) and the infectious period
is 9 days (γjI = 19 ).
3.3. Calibrating R0 . The parameter β has been calibrated to match a basic reproduction number
R0 = 2.4 under the parameter constellation as described above. Setting R0 = 2.4 corresponds to
the lower bound on R0 as reported by the RKI [17] as of July 2020. The calibration is performed
in a setting without any policy intervention based on the contact matrix ρ0 , i.e., no shielding, i.e.,
Lj = 0, no testing and isolation, i.e., ηjI = 1, and no contact tracing, i.e., ηjE = 1, is imposed for
any j in an almost entirely susceptible population.
4. Results and Optimal Policies. In this section, we present our results and discuss the
optimal policies that can be derived from our model. We will first refer to the efficient frontier
according to the German parametrization and then illustrate the effectiveness of various policies.
Lastly, we will comment on the implementation of these policies in practice.
5

These mortality rates are based on [9]. We repeat the robustness check performed in [1] with δs = 0.12 and confirm
that the main conclusions remain unchanged. We omit the resulting plot for the sake of brevity because we provide
two robustness checks with regard to a lower mortality rate in Section 4.2.
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Fig 2. Efficient frontier in SEIR model with adjusted contact matrix ρ and demographic and health care parameters
adjusted to Germany.

4.1. Efficient Frontier. Adapting the model to the socio-demographic, economic and healthcare-related parameters for Germany leads to the baseline policy frontier shown in Figure 2. In
line with the results reported by [1], the economic cost of shielding can be reduced substantially at
a given mortality level by employing targeted shielding policies.6 Due to the non-uniform contact
rates, fully targeted policies provide improvements over semi-targeted policies, similar to the findings
of [1]. However, in many cases, these improvements are moderate to small. Assuming that the costs
of implementing fully targeted policies are non-negligible and are likely to outweigh their gains, we
will focus mostly on the comparison of semi-targeted and uniform policies in the following.
4.2. Optimal Policy. In the following, we shed light on the effectiveness of targeting shielding
towards different age groups and the combination of this with additional measures, such as testing
activities. Similar to [1], we analyze the impact of various policy measures by varying parameters
and making comparisons to a baseline setting. In this benchmark, the parameters are chosen in
line with the German socio-demographic and economic calibration discussed in Section 3. When
presenting the results, we will frequently refer to a safety-focused scenario entailing policies that
do not allow population mortality to exceed 0.2%. In figures with policy frontiers, the results that
correspond to this setting are indicated by a dot on the respective policy frontier line.
The policy measures considered in the following refer to improving testing for those in compartment Ij (referred to as testing) and those in compartment E (referred to as contact tracing), two
variants of group distancing, improved conditions for working from home, and a combination of
these. In addition, we analyze the implications of a medical treatment that makes it possible to
lower the mortality rate for those in ICU treatment, as well as of a vaccine arriving early. We list
additional results and robustness checks in the Appendix.
Figure 3 illustrates the optimal policy in the baseline setting with uniform and semi-targeted
6

Analogously to [1], we will refer to all policies that involve a different degree of shielding Lj for at least one group
j generally as targeted policies. We follow the distinction of fully targeted policies with shielding intensities Lj that
are determined separately for all three groups and semi-targeted policies that distinguish only one level for the senior
group and one level that applies to the young and middle-aged group.
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Fig 3. Panel (i): Optimal uniform shielding policy with safety focus, baseline setting. Panel (ii): Optimal semi-targeted
shielding policy with safety focus, baseline setting.
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Fig 4. Share of uninfected (left) and reproduction rate R(t) (right) in the baseline setting with safety focus. Panel (i):
Optimal uniform shielding policy. Panel (ii): Optimal semi-targeted shielding policy.
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Fig 5. Policy frontiers with group distancing or reduced transmission rates between and within groups. Panel (i):
Uniform reduction in all contact rates in the contact matrix ρ of 10% (left), 30% (center) and 40% (right). Panel (ii):
Group distancing focusing on the most vulnerable group (i.e., the group of those aged 65+) with a reduction in the
between-group contact rates ρys , ρms of 10% (left), 30% (center) and 50% (right).

shielding. The results with regard to the economic loss at the fixed mortality level of 0.2% illustrate
the gains that can be achieved by targeted shielding. In the baseline case with semi-targeted policies,
a high shielding intensity is imposed on the elderly until a vaccine arrives, whereas the intensity
for the other groups is lowered gradually after an initial peak. Figure 4 illustrates the evolution
of the share of uninfected in each age group and the reproduction rate over time. Semi-targeted
shielding policies as illustrated in Panel (ii) are associated with different infection rates across the
age groups. Hence, the share of infected in the vulnerable group is relatively low whereas infections
are more prevalent in the group of young. However, if uniform policies are considered (Panel (ii))
the variation in the share of uninfected across the age groups is much smaller.
The Effect of Physical Distancing, Face Masks and Additional Hygiene Measures. In general, the
policy maker could reduce the intensity and duration of the shielding policy if the transmission rates
in personal contacts could be decreased, for example by a voluntary limitation of contacts or reducing
the transmission probability by wearing face masks, as described for instance in [8]. Among other
recommendations, we provide a list of possible mandatory or voluntary group distancing measures
in Section 4.3.
We consider two variants of group distancing by manipulating the entries of the contact matrix
ρ. The first scenario of mandatory or voluntary group distancing we consider refers to a uniform
reduction in contact rates in ρ. This setting could be considered similar to a general call to the
population to reduce all personal interactions, irrespective of the age or vulnerability of the persons
considered. The second scenario we consider refers to a change in the contact rates with respect to
the senior group – in other words ρys and ρms and leaving all other entries in ρ unchanged. This
scenario corresponds to “breaking the infection chain” with regard to the vulnerable group. In this
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Fig 6. Optimal uniform shielding policy with safety focus and group distancing. Panel (i): Uniform group distancing
with 20% reduction in social interactions between and within all groups. Panel (ii): Group distancing with focus on
interactions with vulnerable groups and reduction in contact rates ρys , ρms by 50%.
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Fig 7. Share of uninfected (left) and reproduction rate R(t) (right) in the setting with safety focus and group distancing.
Uniform shielding policies. Panel (i): Uniform group distancing with 20% reduction in social interactions between and
within all groups. Panel (ii): Group distancing with focus on interactions with vulnerable groups and reduction in
contact rates ρys , ρms by 50%.
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Fig 8. Optimal semi-targeted shielding policy with safety focus and group distancing. Panel (i): Uniform group distancing with 20% reduction in social interactions between and within all groups. Panel (ii): Group distancing with
focus on interactions with vulnerable groups and reduction in contact rates ρys , ρms by 50%.

18

BACH, CHERNOZHUKOV, SPINDLER

(i)

Fraction of Uninfected

1.0

Reproduction Rate

3.0
2.5

0.8

2.0

0.6

1.5

0.4
y
m
s

0.2

population

0.0
0

200

400

1.0
0.5
0.0

unif GD 20%: SF SemiTargeted Policy for

pop

0

200

400

= 0.75 = 2.0 = .9 = 0.3

(ii)

Fraction of Uninfected

1.0

Reproduction Rate

3.0
2.5

0.8

2.0

0.6

1.5

0.4
y
m
s

0.2

population

0.0
0

200

400

1.0
0.5
0.0

vuln GD 50%: SF SemiTargeted Policy for

pop

0

200

400

= 0.75 = 2.0 = .9 = 0.375

Fig 9. Share of uninfected (left) and reproduction rate R(t) (right) in the setting with safety focus and group distancing.
Semi-targeted shielding policies. Panel (i): Uniform group distancing with 20% reduction in social interactions between
and within all groups. Panel (ii): Group distancing with focus on interactions with vulnerable groups and reduction in
contact rates ρys , ρms by 50%.
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Fig 10. Efficient frontier with alternative contact rate adjustment. Reduction of contact rates in ρ0 by 10% (left), i.e.,
ρ = 0.9 · ρ0 , and without any reduction of contact rates in ρ0 , i.e., ρ = ρ0 (right). Solid lines refer to baseline scenario
with ρ = 0.75 · ρ0 .

scenario, the within-group and between-group contacts for the young and middle-age groups are
left unchanged. Moreover, in the setting considered, we also leave the contacts within the group of
senior citizens unchanged and thus attempt to model a scenario with an impact on the daily contacts
of the elderly that is as low as possible. Figure 5 illustrates the policy frontier corresponding to
changes in the contact matrix ρ according to uniform group distancing policy (panel (i)) and group
distancing focusing on the vulnerable (panel (ii)). As expected, scaling all entries in ρ simultaneously
is substantially more effective in reducing transmissions than is targeted group distancing. However,
the social and psychological costs of a uniform group distancing policy are probably high and panel
(ii) in Figure 5 shows that a reduced, but targeted approach might also help mitigate the health
and economic costs of the pandemic.
The results in Figures 6 and 8 illustrate that group distancing can reduce the intensity and
duration of uniform shielding policies while mitigating the economic damage. Substantial efficiency
gains can be achieved by targeting shielding towards the separate groups. Comparing (i) a uniform
physical group distancing policy (corresponding to a 20% reduction in contact rates across all groups,
shown at the top of Figures 6 and 8) and (ii) targeted group distancing towards the vulnerable
(corresponding to a 50% reduction in contact rates between young and middle group and the senior
citizens, shown at the bottom of Figures 6 and 8) illustrates that an intense reduction in contacts
and/or transmission rates between the vulnerable group and the other age groups can be an effective
tool for mitigating the health and economic consequences of the COVID-19 pandemic if combined
with targeted shielding. Figures 7 and 9 present the evolution of the share of susceptibles and the
reproduction rate over time and shed light on the epidemiological consequences of uniform group
distancing (Panel (i) in Figure 7 and Figure 9) and a group distancing policy with a focus on the
vulnerable (Panel (ii) in Figure 7 and Figure 9). Hence, a more targeted form of group distancing
is associated with a greater difference in terms of age-group specific infection rates. Similar to the
baseline scenario, the variation in terms of age-specific infection rates is higher if semi-targeted
policies are considered.
As a robustness check, we employ two settings with reduced physical distancing and illustrate the
corresponding frontiers in Figure 10. Doing so, we intend to illustrate the consequences if individuals
are less compliant to physical distancing guidelines, for example, because they underestimate the
risk of transmissions.
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The Effect of Testing and Contact Tracing. Improved testing and isolation with respect to
infectious individuals refers to a reduction in the probability ηjI from the baseline value of ηjI = 0.9 −
that is, the probability that an infectious individual is not detected and isolated to avoid subsequent
infections.7 A second testing strategy could refer to those who have had contact with the infectious
individuals − that is, decreasing the probability that someone who was exposed to an infectious
person is not detected and isolated, η E , with default value ηjE = 1.
Figure 11 illustrates the beneficial implications of improved testing with regard to persons in
state Ij (panel (i)), improved testing and tracing for persons in Ej (panel (ii)) and a combination
of these measures (panel (iii)). A reduction of η I allows the policy frontier to be shifted closer to
the origin, and therefore for efficiency gains to be realized compared to the baseline setting with
ηjI = 0.9. The corresponding frontier is shown in the first plot (on the left) of panel (i). Similar
conclusions can be drawn for the contact tracing policy as illustrated in panel (ii) of Figure 11.
However, simultaneously improving tests both for the infectious and tests for the exposed leads to a
substantial improvement in the menu of potential alternatives for policy makers. For example, the
safety-focused scenario indicated by the dot on the frontiers involves substantially lower economic
costs if the probabilities for undetected infections are reduced to ηjI = ηjE = 0.8.
The Effect of Improved Conditions for Working From Home. In addition to voluntary or mandatory group distancing and test and trace policies, governments could provide incentives to promote
working from home. To implement improved working from home conditions, we consider a setting
with fewer physical interactions and increased productivity at home. Figure 12 illustrates two scenarios with (i) π1 = 20% and π2 = 5% and (ii) π1 = 30% and π2 = 10%. In both settings, the
efficiency loss is reduced by 10 percentage points − that is, in the baseline setting, the productivity
loss under shielding was set to 70% and is now changed to 60%. Panel (i) of Figure 12 shows the
policy frontiers that correspond to setting (i) (left) and setting (ii) (right). Panel (ii) illustrates the
optimal semi-targeted shielding policy with a safety focus. We can see that improved conditions for
working from home make it possible to reduce substantially the economic costs associated with the
pandemic and with shielding. Moreover, better conditions for working from home make it possible
to reduce the duration and intensity of shielding measures as compared to the baseline setting.
A Comprehensive Approach. The positive effect of improved testing and group distancing can
be amplified if these measures are combined with other measures to form a comprehensive approach.
As illustrated in panel (i) of Figure 13, combining improved testing and contact tracing with group
distancing focusing on interactions of the other groups with the group of senior citizens allows the
policy frontier to be shifted closer to the origin. According to the efficient frontiers in Figure 13
(panel(i)) and the optimal policies in panel (ii), policy makers can almost refrain entirely from
imposing shielding rules. Optimally, only a short shielding is imposed on the senior group at the
early stage of the pandemic. The optimal policies associated with uniform shieldings as presented
in the Appendix, Figure 19 do not involve any shielding at comparable economic damage and a
slightly higher mortality in the population.
Panel (ii) of Figure 13 illustrates that a comprehensive approach that also includes improved
conditions for working from home, with π1 = 20% and π2 = 5%, allows for even lower economic
damages at a very short shielding phase. Moreover, the result on the infection rates and the reproduction rate in panel(ii) of Figure 14 show that the combined approach with improved conditions
for working from home help to reduce the share of infected in all age groups. Furthermore, it can
7

In our analysis, we will only focus on changes in ηjI and ηjE that apply equally to all groups, e.g., consider cases
I
with ηyI = ηm
= ηsI = 0.9.
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Fig 11. Policy frontiers with improved testing and isolation. Panel (i): Tests for infectious persons, parameters in
order from left to right (ηjI , ηjE ) = (0.9, 1), (0.8, 1), (0.7, 1). Panel (ii): Improved test and trace policy for exposed
individuals, parameters (ηjI , ηjE ) = (0.9, 0.9), (0.9, 0.8), (0.9, 0.7). Panel (iii): Combination of testing infectious and
test and trace policy with parameters (ηjI , ηjE ) = (0.8, 0.8), (0.7, 0.8), (0.7, 0.7).
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Fig 12. Panel (i): Frontiers with two variants of improved conditions for working from home, with π1 = 20%, π2 =
5%, ξ = 0.4 (left) and π1 = 30%, π2 = 10%, ξ = 0.4 (right). Panel (ii): Optimal semi-targeted policy with safety focus
with scaling π1 = 20%, π2 = 5%, ξ = 0.4.
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Fig 13. Optimal safety focused policy with combination of policy measures (comprehensive approach). Panel (i) and
(ii): Improved testing and isolation for infected (ηI = 0.7) and exposed (ηE = 0.8), reduced contact rates for interactions with the senior group (ρys = ρms = 0.2). Panel (iii): Improved testing and isolation for infected (ηI = 0.7)
and exposed (ηE = 0.8), reduced contact rates for interactions with the senior group (ρys = ρms = 0.2), and improved
conditions for working from home (π1 = 20%, π2 = 5%, ξ = 0.4.)
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Fig 14. Share of uninfected (left) and reproduction rate R(t) (right) in the setting with combination of policy measures
(comprehensive approach). Semi-targeted shielding policies. Panel (i): Improved testing and isolation for infected
(ηI = 0.7) and exposed (ηE = 0.8), reduced contact rates for interactions with the senior group (ρys = ρms = 0.2).
Panel (ii): Improved testing and isolation for infected (ηI = 0.7) and exposed (ηE = 0.8), reduced contact rates for
interactions with the senior group (ρys = ρms = 0.2), and improved conditions for working from home (π1 = 20%, π2 =
5%, ξ = 0.4.)

25

0.5

PDV of Economic Loss vs Fatalities
Uniform Policy
SemiTargeted Policy
Targeted Policy

0.4
0.3
0.2
0.1
0.0
0.000

0.005

0.010

0.015

Fatalities as Fraction of Adt. Population

Med Treatment: Outcomes for = 0.75, = 2, = 1, = 0.9, T = 546

PDV of Economic Loss in Fractions of GDP

PDV of Economic Loss in Fractions of GDP

OPTIMAL POLICY FOR FIGHTING A PANDEMIC

0.5

PDV of Economic Loss vs Fatalities
Uniform Policy
SemiTargeted Policy
Targeted Policy

0.4
0.3
0.2
0.1
0.0
0.000

0.005

0.010

0.015

Fatalities as Fraction of Adt. Population

Med Treatment (50%): Outcomes for = 0.75, = 2, = 1, = 0.9, T = 546

Fig 15. Efficient frontier in SEIR model with improved medical treatment corresponding to 30% (left) and 50% (right)
lower mortality for the senior group.

be observed that the comprehensive approach allows the reproduction rate being kept below the
critical threshold of 1.
The Effect of Improved Medication and Treatment. Finally, we assess the effect associated with
an improved treatment for COVID-19, which corresponds with a 30% and 50% lower baseline
mortality rate for the group of senior citizens, δ ds . For example, a recent study by [14] shows that
treatment with dexamethasone can reduce the mortality of severe hospitalized cases by up to one
third. We acknowledge that the different effects of an approved drug for treating COVID-19 patients,
as described in (i) to (iii) in Section 2.1 (Vaccine and Cure), might lead to different results in terms of
optimal policies. [1] provide robustness checks by increasing the mortality rate for the senior group
and also varying this group’s per-capita income. By doing so, they conclude that the efficiency
gains of targeted policies arise due to the high vulnerability rather than the low productivity of
that group. Hence, effective medical treatments might soften the distinction between the vulnerable
group and the groups with lower mortality risk.
Comparing the efficient frontier with improved treatment in Figure 15 with that in the baseline
setting in Figure 2 illustrates that the economic costs at a given mortality level can be reduced
substantially. At the same time, the distance between the frontiers of targeted and uniform shielding
policies becomes smaller, which is in line with the observation in [1] that the efficiency gains of
targeting accrue due to high vulnerability.8 However, even with a substantially improved medical
treatment that leads to a 50% lower mortality among the senior group, targeted shielding is still
associated with considerable efficiency gains compared to uniform approaches.
The Effect of a Vaccine Arriving Early. Since the early phase of the pandemic, governments
around the world have encouraged research activities to develop a vaccine for SARS-CoV-2. In the
initial study by [1] and the settings considered so far, we make a deterministic assumption that
a vaccine arrives in 1.5 years. Figures 16 and 17 illustrate the optimal uniform and semi-targeted
shielding policies if an effective vaccine is available after one year and after six months, respectively.
The results highlight the economic importance of an effective vaccine being available early because
this would substantially reduce the loss in GDP, which in the baseline scenario decreases by approximately 26% under uniform shielding policies and 13% under semi-targeted policies if a vaccine
8

We perform various robustness checks (results omitted) with respect to the income parameters ωj and mortality
rates δ ds and confirm the conclusions in [1].
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becomes available after 1.5 years. If, in contrast, a vaccine becomes available in one year, the loss
under uniform shielding reduces to 18% and 9% under semi-targeted policies. In the scenario that
a vaccine becomes available after six months, these numbers are 8% and 5%, respectively. As a
consequence of a shorter period T , the shielding policies are maintained over a shorter time span,
wherease their intensity does not change substantially.
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Fig 16. Optimal shielding policy with a vaccine arrival after 1 year. Panel (i): Optimal uniform policy. Panel (ii):
Optimal semi-targeted policy.
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Fig 17. Optimal shielding policy with a vaccine arriving after six months. Panel (i): Optimal uniform policy. Panel
(ii): Optimal semi-targeted policy.
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4.3. Implementation of Optimal Policies. The results of the model indicate that it is favorable
to protect vulnerable groups, in particular persons at higher ages, while relieving other groups of
the shielding measures. Of course such a policy must be implemented with a sense of proportion
and be supported by accompanying measures to reduce the burden as much as possible. We propose
that implementing such a policy should take into account the following measures and points:
1. Prioritize the use of masks (N-95/FFP2; surgical masks) and personal protection equipment
among seniors and other individuals with comorbidities. These groups and contact persons
(like nurses) should be equipped with masks that are of high quality.
2. Limit and reduce potential transmissions by decreasing the number of contacts with persons
who are at higher risk, in particular with those who are likely to be exposed to other infectious
individuals. The risk of transmission could be reduced by generally requiring people to cover
their nose and mouth with simple disposable or reusable face masks when interacting with
the elderly or other vulnerable groups, or by reducing the risk of individuals being infectious
at the time of the contact, for example through intensive testing and requiring quarantine or
reduced contacts during a defined period before visits to nursing homes.
3. Set up special shopping and medical consultation hours for the elderly and vulnerable to allow
them to do shopping for daily essentials and attend important medical appointments. This has
been practiced in the U.S., UK and other countries. Also encouraging the use and potentially
the expansion of various home-delivery services could be valuable in this regard.
4. Ensure older people who are still participating in the labor market and other high- risk individuals are able to work from home easily, for example by providing them with the appropriate
equipment, infrastructure and training.
5. Provide additional benefits and compensation, such as job guarantees and prioritized paid
leave, for employees who behave in a socially responsible way, caring for the elderly or other
vulnerable individuals. For example, health insurers could offer monetary benefits to individuals who commit themselves to reducing social interactions with others in order to care for
individuals at high risk
6. Provide mental health and social support via teleconferencing and other safe means of interaction, particular through online consultation hours and tele-medicine, as well as videoconferencing systems in nursing homes so that residents can stay in contact with their families.
7. Implement a stay-at-home policy for older people on a voluntary basis. High compliance with
this policy might be achieved through an incentive scheme. Given the right incentives a senior
citizen should follow a stay-at-home policy in his or her own interest.
8. Provide frequent, easy-to-understand and non-contradictory information and communication
and assistance to members of vulnerable groups who live in their own home; also, create
incentives for members of the young and middle age groups to protect the vulnerable members
of society.
9. Frequently update shielding policies according to new scientific evidence on the transmission
of SARS-CoV-2 in order to increase the efficiency of such measures, reduce economic costs
and achieve higher compliance with group distancing recommendations.
5. Conclusion. In this paper, we adopt the extended SIR model of [1] to Germany. Germany
differs from the U.S. both in its socio-demographics and its system of health care coverage and
provision. The model allows for a comparison of the impact of different policies both on survival
rates and economic losses, thus providing policy makers with information to derive optimal policies.
We evaluate several scenarios in a quantitative manner and find that semi-targeted shielding makes
it possible to achieve efficiency gains, which might be used to fund measures that improve the conditions of vulnerable groups, such as senior citizens and people with comorbidities. Most importantly,
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we find that the intensity and duration of shielding policies can be reduced by employing additional
measures, such as group distancing, testing and contact tracing. Indeed, a comprehensive approach
that combines these measures and implements them simultaneously can keep both economic losses
and population mortality at a low level − even with uniform shielding measures. Lastly, we highlight
the importance of finding effective medical treatments and of timely vaccine development.
There are several extensions of our analysis that could be considered in future research. First, the
estimates on contact rates that are used in the baseline setting are based on a study from the UK
and might be re-adjusted to country-specific contact patterns. Additional work could be performed
to provide comparable data for other countries, including Germany and the U.S. Second, the SEIR
model incorporates contact tracing by including a parameter on the probability that a person who
was exposed to an infectious individual is tested and isolated. This approach allowed us to maintain a
relatively concise model structure. A more complex structure might involve separate compartments
for exposed and infectious individuals who are either in quarantine or not in quarantine, allowing
the social interactions between these two groups to be modeled. The model in [13] is an example
of such an evolved compartment structure. Moreover, the infectiousness of individuals could be
modelled in a more granular way. Several studies, such as [13], distinguish between symptomatic,
asymptomatic and severe cases and allow for transmissions of SARS-CoV-2 by asymptomatic cases.
Alternatively, the SEIR model in [3] allows for infectiousness of the exposed individuals. Lastly,
as soon as more information is available on whether people develop long-term immunity to SARSCoV-2 after infection, this might be used to adapt the SEIR model to a SEIRS structure.
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APPENDIX A: APPENDIX
Additional Results. Reducing the parameter λ rotates the policy frontier to the left, bringing the menu
of policy choices involving high mortality rates closer to the bliss point as illustrated in Figure 18, panel (i). Because
targeted policies can reduce the mortality in the adult population effectively, reducing λ has an effect in particular on
the choice of uniform policies.
Relaxing the hard ICU constraint allows lower mortality rates to be achieved at a given level of economic damage
as can be concluded from Figure 18, panel (ii). Increasing the bound in the capacity constraint from H̄(t) = 0.02 to
H̄(t) = 0.04 brings the policy frontier closer to the case without binding ICU constraints. This change can be observed
for uniform shielding policies, whereas the impact on targeted policies is smaller and only observable for the case with
a relatively tight constraint H̄(t) = 0.02.
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Fig 18. Panel (i): Variation in λ = λ0 in Equation 3.1, with λ0 = 0.6 (left), λ0 = 0.2 (right). The solid liner refers
to the case with λ = 1. The dashed lines refer to the policy frontier with the λ = λ0 . Panel (ii): Variation of the ICU
constraint. The solid line indicates the optimal policy frontier without a binding ICU constraint. Dashed lines refer to
binding ICU constraints with H̄(t) = 0.02 (left), H̄(t) = 0.03 (center), and H̄(t) = 0.04 (right).
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Fig 19. Optimal uniform policy with safety focus. Combination of policy measures (comprehensive approach). Panel
(i): Improved testing and isolation for infected (ηI = 0.7) and exposed (ηE = 0.8), reduced contact rates for interactions
with the senior group (ρys = ρms = 0.2). Panel (iii): Improved testing and isolation for infected (ηI = 0.7) and exposed
(ηE = 0.8), reduced contact rates for interactions with the senior group (ρys = ρms = 0.2), and improved conditions
for working from home (π1 = 20%, π2 = 5%, ξ = 0.4.)
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Fig 20. Share of uninfected (left) and reproduction rate R(t) (right) in the setting with combination of policy measures
(comprehensive approach). Uniform shielding policies. Panel (i): Improved testing and isolation for infected (ηI = 0.7)
and exposed (ηE = 0.8), reduced contact rates for interactions with the senior group (ρys = ρms = 0.2). Panel (ii):
Improved testing and isolation for infected (ηI = 0.7) and exposed (ηE = 0.8), reduced contact rates for interactions
with the senior group (ρys = ρms = 0.2), and improved conditions for working from home (π1 = 20%, π2 = 5%, ξ =
0.4.)
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Fig 21. Combination of group distancing and decreased mortality of the elderly by 50% due to improved medical
treatment. Efficient frontier with uniform distancing policy (left) and distancing targeted towards the vulnerable (right).

37

OPTIMAL POLICY FOR FIGHTING A PANDEMIC

(i)

Shielding Policy

1.0

Infection Rates

0.150

Economic Loss
Adt. Pop. Fatalities
Y Fatality Rate
M Fatality Rate
S Fatality Rate

0.125

0.8

0.100

0.6

0.075

0.4

Outcomes
0.0159
0.0019
0.0003
0.0019
0.0049

0.050

0.2

y
m
s

0.0
0

200

400

y
m
s

0.025
0.000

0

RC SEIR, unifGD 60% and MED 50%: SF Uniform Policy for

200

400

= 0.75 = 2.0 = .9 = 0.225

(ii)

Shielding Policy

1.0

Infection Rates

0.150

Economic Loss
Adt. Pop. Fatalities
Y Fatality Rate
M Fatality Rate
S Fatality Rate

0.125

0.8

0.100

0.6

0.075

0.4

Outcomes
0.0153
0.0016
0.0002
0.0017
0.0038

0.050

0.2

y
m
s

0.0
0

200

400

y
m
s

0.025
0.000

0

RC SEIR, unifGD 60% and MED 50%: SF SemiTargeted Policy for

200

400

= 0.75 = 2.0 = .9 = 0.225

Fig 22. Optimal safety-focused shielding policy with combination of a uniform group distancing policy (reduction of
all elements in ρ by 40%) and improved medical treamtent (50% lower mortality rate for the senior group). Panel (i):
Optimal semi-targeted shielding policy. Panel (ii): Optimal semi-targeted shielding policy.
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Fig 23. Optimal safety-focused shielding policy with combination of group distancing towards the vulnerable (reduction
of contact rates ρys , ρms by 50%) and improved medical treatment (50% lower mortality rate for the senior group).
Panel (i): Optimal uniform policy. Panel (ii): Optimal semi-targeted policy.
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