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Summary

There is a tradeff betweenthe educationsectorand other economicsectorsin the control of SARS
Cov-2 transmissionHere we integrate @ynamicmodel of SARE0V2 transmissiomwith a 63-sector
economic modereflecting sectoral heterogeneity in transmission and economic interdependence
between sectorsWe identify contrd strategies whicloptimize economicproductionwhile keeping
schools andiniversities operationalndconstrainingnfections suchthat emergency hospital capacity

is not exceededlrhemodel estimateganeconomic gaimf between£163bn and 205bnfor the United
Kingdomcompared toa blanketlockdownof non-essentialactivity over six monthsdepending on
hospital capacity. Sectoidentified as potential prioritiegor closure arecontactintensiveand/or less
economically productive
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1. Introduction

Schooland universityclosures area keynon-pharmaceutical interventiofNP) in the control of the
COVID19 pandemic[l, 2], and were implementedby many countrie$n the first half 0f2020when

infections were risingapidly. By mid2020, UNESCO estimated that around 60% of terld's

studentshad their education disrupted by nationelosuresof educational institutiongduring the
pandemic[3]. Evenshort periods of missedducationcanhave grave @nsequences foeducational
development [4-6], reduce lifetime earning potential[7], and damage sociabnd psychological
developmentof children and young adul{8]. School closureare also associated witlost income
and productivityof carerswho cannot work because of childcare respoilgibs [9]. Householdgrom

disadvantagedbackgroundsre worst affected[6].

The higheconomic and sociaosts ofschool and universitglosures have led ost countriesto re-
start education activitiesn the second half 02020[10-12], although thiswasprojectedto increase
SARE0V2 transmissionand put heavy pressure ohealth service$l3]. To maintain control, many
European countries have recently tightenddPIs in other areas afociety most noably through
closure ofbusinesses deemed nessentialfor day-to-day life. However, lockdowrs are also
associated with higleconomic and socialosts[14-17], and theyare a cruddeverif implemented as
a blanke policy across the whole economzconomic sectors differ greatly in tirdection riskthat
they pose to both workers and consumers, inith@otentialto implement effective social distancing
measuresand in the contributioathey make toGross DomestiProduct GDB.

The world hasio experienceof how lockdowrs can be finetuned to keep the pandemic in check
thereby preventing health services from being overwhelmehilst allowingeducational institutions
to stay opemand minimizing economic costs saciated with businesslosuresWe presenta closure
strategy, differentiated by economic sectpwhich identifies an optimal sixmonth trajectory of
selective openingnd closingof 63 sectorswhile keepingeducational institutionsoperational and
infectionsandhospital admissions under control

2. Methods

2.1 DAEDALUS: An integratedhodel of Gross Domestic Product andSARSCo\V2
transmission

We developedDAEDALUS&n integratedeconomicepidemiological modeDAEDALU&knowledges

that relatively contact-light sectorsthat employfewer workers carry fewer infections back into the
community whenthey are openthan more contacintensive counterpartswvith more workers
However, this does not necessarily imphjoritizing the sectors of theconomy that ontribute most

to economic value relative to the spread of infection. There are important interdependencies between
sectors, all of which rely to some extent on inputs from other sectors to produce their final opguts
sector that is nominlly opened maynot be able to function properly if its supply chain is interrupted
[18, 19] DAEDALU&commodates such interactions by relyingstandardinput-Output (I10)tables
prepared as part othe national account$20].
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We integratethe economic modeinto a deterministic Susceptibl&xposednfectiousRemoved
(SEIR) model @ARSC0V2 transmission thafprojectsthe spread of infectiorat the workplace, in
households and in theommunity as sectors ar@pened and closed to varying degredhe SEIR
model acommodatessectoral heterogeneity in risks of infection betweenworkers,non-workers
in the community, andt the interface between these groupAEDALUS then finds thajectory of
opening and closing sectors that maximises national GDP subjectdengipiogical constraints on
SARE0V2 transmission, which include a requirement to keep hospital admissions within acceptable
bounds.Thechosenclosure of sectorsinder opimal solutionsis influenced by at least four sector
characteristics and their interplay, notably size of workforce, contact r&& contributiorand
interdependence with other sectorsThe technical description of DAEDALU&Nd software are
published onGitHuh

2.2 Economic model

The economic configuration DAEDALUSthe extent to which each sector is opettan bechanged
at specific time points over glanning horizon set to six months inhis application Eachsector
contributesto GDPin proportion tothe level it is operand according to its production possibilitjes
defined agzrossValueAdded (GVANII necessary intermediate domestic inputs required hyaative
sector must be availdb, even if they are produced by another secte allownd ex cess’ pr oduc
of final productsi.e. sectors cannot producaore than their prepandemic output However, in this
application, we do allovgectorsto build up inventoriesif domestic demad and exportsare lower
compared b prepandemic timesWe constrainall scenarios byhe economic configuration that
allows essential services to operate. closing all sectorsompletelyis not possibleThe essential
economic configuration assumed sdctors must beoperationalto at least80%(healthcareat 100%)
of the values observed during tliest lockdown periodn the United KingdomUK) from March-May
2020 [21]. Relaxing the lower bound below the observed lockdown valllews for uncertainty
regarding thepreciseobservedliockdown values, and geme changes in productioprocesseg22,
23].

The decision variables in DAEDALUSHerextent to which each sector is open in each time period.
Partial or full openingnd closingf sectos are assumed tgive rise toproportional changesin the
active workforce andthe associated impact odisease transmissioithe model therseeks tddentify

the set of decision variables that maximizes GVA across all segtarthe six monthswhilstkeeping
the education sectoopen ator above80%of pre-pandemic level&nd containingmaximumdaily
hospital occupancyf COVIBEL9 patients Hnay Within available capacityWe also constrainthe
effective reproductive number:Rt or below 1 at the end afixmonths ensuringthat the legacy of
infectionsdoes notescalate rapidlyust beyond theinterventionperiod.

We applyDAEDALUS® the economyof the UKdivided into 63economicsectors(seeTab.S1 forthe
education sectoefinitions). To characterize interdependence between sectave use the most
recent|O table prepared for the calendar year 20P8]. We use datafrom the Office of National
Statisticson the workforcg25], andon the proportion of those working from honj21].
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2.3SARSC0V2 transmission

In the epidemiologicalmodel the activdy working adult population is disaggregated by economic
sectors. Partial or full opening of a sector increases the number of actively working adihits.
remainder of the population is assigned to tbemmunitysector, whichis disaggregated into dge
groups: preschool, schoehge, workingage adult not in active employment and retired.
Transmissiotis modelled with &SEIR modeDnly workingage adultsnove between the community
and economic sectors, as sectors are opeaedclosed.

We calibrate four model parameters tnglishhospitalization data from 20February to30" June

2020: the basic reproductive numbern; Reffectiveness of lockdow; epidemic start time and

lockdown onset.Transmissibility is calibrated to the fitted baseproductive number fand pre

lockdown contact patterns using the negéneration eigenvalue metho@6]. Additional paraneter
estimates are al i gne dtimeMaddl[27]. Agcaarmua It | Gedusdedéeng e s R
capture the dampening i mpact of NBé&sseprasentedbyndi vi d
R, captuiingthe combined effect of NPtgther than closureghat are difficult to estimate empirically,

including social distancirig social and work environments, facemadksting-and-tracing, shielding

of the vulnerable, travel restrictions, and limits to social gatherifige fitted value of d over the

initial lockdown period represents thiwer bound (optimistic) estimate ofthe impact of NPIsFor

the forward projections, we adjustto reflectless stringentNPls andveakeradherencen the post

lockdown period

2.4 Contact matrices

Transmissiordynamics ardénfluencedby the number of contacts made by individsak different
locations.Contact rates arderived froma survey conducted in 2012 in Fraifiz8]. While more recent
contact surveys havieeen conducted, to our knowledge this is the only survey that includes sector
specific and workelated information of respondent$¥e mapped the industry sectors of the survey
to the industry sectors of the UK 10 tapknduse the mean number of daily stacts recorded by
individuals oveatwo-day period(trimmed of outliers.

We definethree contact matricesThe community matrix definescontacts betweenridividuals within

the community(comprising individuals nah the labour force, workers when not at wode when

working from homg, specificallc ont act s made i n one’ spaceswmretdil,bouseho
hospitality andeisure outlets Contactswhile usingpublic transport, betweestudentsin schoos and

universities and betweenconsumersof the same or different sectors are considered community
contacts. The worker-to-worker matrix defines contacts made bateen workers within a sector,

applicable to individuals while d@he workplace Contacts between workers of different sectors are

captured in the community matrix, even if they occur at the workpldte worker-to-consumer

matrix is diagonal andlefines contacts experienced by workers from consumers witraghsector.

In the education sector, we account for the number of contacts between studemisnsumers)
School contacts are estimated separately in two age groupssgiteolage: 0-4; school age: 518).
Similarly, hospitality consumer contacts are estimated consideringhatgrogeneity in hospitality
contacts.We assume that transport and schauid universitycontacts add to the infection risk only
in proportionto which the sectoris open andworkersdo not work from home. The columns @&ch
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matrix are weighted byhe population actively working in each sector. For example, opening the
hospitality sector will increase community transmission as people meet in pubs estdurants,
independently of the sector in which they work.

2.5Modelling Scenarios

In our main results, we use DAEDALUS to maximiaeGDPwhile trackingthe spread oSARE oV

2 oversixmonths, with decisiols on economic configuratiors$arting inSeptember 2020/e assume

that decision makersan increase or decrease the extent to which each sector is open three times: at
the beginning,and after months 2 and 4. DAEDALUfBovides a continuous function of disease
progresswithin each intervalallowing fordiscontinuitiesat the transition points It incorporatesfive

types of constrainfor the optimization

- interdependenciesf supply and demantdetweensectorsare respected,;

- in each sector, economic activitysastainedthroughout to atleast80%o0f lockdown values
(healthcarel00%);

- the demand forgoods and servicedoes not exceed prpandemic levels

- hospital occupancyemains withincapacityHmax throughoutthe intervention period

- 'Y patthe end of thentervention period

In contras to the economic constraints, the epidemiological constraints are highlylinear. We
assume thatHma, maximum spare emergencyhospital capacityfor the treatment of COVIEL9
patients does not vary ovesix months butmakethree alternative assumptios onHmax at 12,000,
18,000and 24,000beds(a peak number oiround18,000 COVH29 patientsoccupiedbedsin April
2020)

We projectGDPotal disease incidencendhospital occupancy fdive scenarios:

- Scenario A (GDP max):maximizesGDP subject to five epidemiological and economic
constraints like any other sectorducationmaybe closed fully or partly;

- Scenario Bdducation open): optimizes ®Psubject to thefive constraintsthe education
sector remainperationalat or above 80% qgfre-pandemic production(less than 100%o
account forNPlssuch as online teachirag universities)

- SenarioLDA (lockdown): imposes lockdownsof all nonessentialactivity across alkectors
includingthose of the education sectqrat production levels obsened during theinitial
lockdown periodScenarid_DAresults in the lowest attainable infections but at high economic
costs andprojects lower bounds on infections a@DP,

- Scenario LDB (lockdowexcepteducation): as LDAexcept thatthe education sectoremains
operational at or above 80%;

- ScenarioFO(fully open): the economicspecification that leaves all sectors fully open gor
months It relaxes all epidemiologicabnstraintsbut assumed\NPIs and/oluntary behaviour
changesas captured by. SenarioFOresults in thegreatestGDPbut at the cost ofhigh
infections and deathdt projects upper bounds on infections and GDP.

Outcomedrom scenarios A and B constitute optimal solutions with respect to both GDP and infections
(giventhe respetive constrainty. Scenariod.DA, LDBRnd FOare descriptive scenarios that dwt
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seek tooptimize GDP for the infecti@caused Optimizationsu s e * Gl obal search’ w
based base algorithm fmincon in MATLAB's gl obal

3. Results

3.1 MaximizingGDPvia a closurestrategydifferentiated by economic sector

Thestrategy that naximizs GDP while keeping infectiomgthin constrains (Scenario A) allosthe
potential closure of all economic sectors, including the education aedt emergency hospital
capacity for COVHD9 patientsis constrainedat Hna=18,00Q the optimal solution is to let infections
increaseover September and Octobethen from Novemberimpose more stringent economic
configurations to honour thepidemiolgical constraint§Fgs. 1A seeSIA for Hna=12,000 S2A for
Hnax=24,000. We find that GDP maximizatidacusessolelyon closure ofthe education secto(Figs.

1B, S1B, S2BThe strategyrequires the education sector to close down to 98¥%ypre-pandemc
activity in SeptembeOctober, 54%in NovemberDecemberand 76%in JanuaryFebruary(Tab. ),
assumingHma=18,000 If Hna=12,00Q then the education sector needs to close more (83%, 51%,
65%) If Hna=24,000 then closure is only required in Novembecember (56%) andanuary
February (86%)Cther sectors includingaccommodation& food service activities (which includes
hotels, restaurants, cafes, and pubs) can stay opeter any Hnax Educational activitiesare likely
chosen for closure bR AEDALURecause theyontribute significantly to transmission, but relatively
little to short-term GDPas measured in national accoun@®ur analysisonsidersgeconomigoroduction
overonly sixmonths, and not any longeterm economic benefits of keeping schools and universities
open whichare likelysubstantial. The difficulty of measuring the GVA contribution of educational
activities is widely acknowledgg#9].

The GDP achieved b$cenario As £877bn over six months(Hna=18,000,Hg. 3A), higher thanthe
£660bnof ablanketlockdown (ScenariaDA, but lower than the £889bnachieved with a fully open
economy(Scenarid-Q. However,ScenarioFOresults inhigh incidenceand deaths FOalso means
that around 68,000 COVH29 patientswould require hospital treatmenat the projected peak in
January 2021gompared t018,000 patients undeBcenaris A.

3.20ptimizing GDP while keeping educati@ttivities operational

Scenarid_DBrequires all sectoro closeat levelsobservedduring thefirst lockdown periodexcept
the educationsector, whichwould operate at 80% of prpandemic activity. LDBwould keep
maximumhospital occupancgt around10,000 at the peakFig. 3B)lower than during the first pda
in April 2020albeit notas low ad DAthat allowsthe education sector to closas other sector¢Fig
3A). This idecauseexpandinghe activity of theeducation sectoincreasegransmission

DAEDALUSeeks ouan economic configuration that assaiated with lesseconomic losshan LDB
while education isallowedto stay open. Scenario fBllows a differentiated sectoralclosurestrategy
that maximizes GDPRallowing infections (hospital occuparenyd death$to increase up tthe hospital
constrairt (Figs.2A Hna=18,00Q SBA Hnax=12,000 HAA Hma=24,000) The optimal strategy is to let
infections increase graduallfrom Septemberto December, and therimpose more stringent
economic configurations January and Februatg honour the constraint orR at the endof the
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intervention period If Hna=18,000, argeted for closureare creative, artX entertainment (47%
NovemberDecembey 39% JanuarFebruary, Tab. S3) sports, amusement& recreation (39%
NovemberFebruary), membership organisations(44% Septembe+October, 40% November
February)and dher personal servicg which includes hairdressing and beauty treatme®6%
NovemberFebruary. In JanuaryFebruary, retaibnd accommodatiot& food services need to close
89% and 78%, respectivelif. Hna=12,000, additional closures are requiredn November and
December includingaccommodation& food service$78%), andretail (91%). From January onwards,
accommodation& food serviceand retailneed to closesubstantialy (35%and52%. If Hna=24,000,
fewer closures are required and retasiccommodatior& food servicesand the artsan staynearly)
fully open, but not some of the othesectorsincluding sports& recreationwhichare still required to
partially close.

Theeconomic outputachievedfollowinga strategy thaoptimisesGDPwhile the education sector is
operatioral is £863bn over six months (Kha=18,000,Fig.3B, Tab. S4 exact GVA logsesgain of
£193bnoverthe £670bnassociated witha blanketlockdownof all sectors except educatiq¢fenario
LCB). The gain would b&163bn at Ra=12,000, andE205bn at Ha.=24,000.There is aGDPloss
associated with h educationo p e n’ s c@mpaed tathbesGDBmaximizingscenaris A (Figs.
3A and3B), even when GDP is optimized sectoralclosures When comparing B against A, 6P
maximiing scenaricthat mayrequirethe partial or full closure of any sectmrcluding educationthe
loss in GDRs £14bn (E&7bn — £863bn, Hn=18,000) The loss between Scenarios A and B is
significantlyhigher at £40bn if H,=12,000, and lower at £5bn if=24,000This loss occurs because
forcing the education sector open requires the closureibier sectors thatmake greatemominal
GVA contributionsto compensate for the increase in transmissicaused by the education sector

3.3Therole of hospital capacity

Hospitalcapacityhas an important role to play in the traetdf between theclosure of theeducation
and other sectorsThe optimal solution under Scenario A keeps occupancy at the maxowam3
months (DecembeFebruary), whilat reachesthe maximum for only o@a month (February) under
Scenario B. This haery different implications for hospitathat we do not quantifyhere, but which
are important to considerSector closure€an belessstringentif decision makers are prepared to let
the level ofinfections Gndhospitalizationsand death$increase and if they invest ian expansion of
emergencyhospital capacityThegainin GDP for Scenario B when hospital capacity is increased fr
12,000 to 18,000 i830bnoversixmonths and£12bn for an increase frorh8,000 to 24,00QFig.3B,
Tab. 8). This gain occurs becaudeetincrease in hospital capacity 6,000 beds allows forraore
open economy(Figs.S3B, 2B, S4BOverthe first lockdown period the UK managed tanérease
capacityto 18,000 beds by cancellhg many elective surgeriespusng private hospital capacity
deployingretired medical and nursing staffonstructng field hospitalsand reorganizng care. Such
interventionsare not costlesdncreasing capacity to 24,000 beds would reguiesation of additional
hospital capacityand/or rationing ofbedsamongall patientsrequiring lifesaving intensive hospital
care
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3.4 Quantifying the losof Gross Value Addelly sector

We can quantify th&VA lossicrosghe economicsectoisthat require partial closure undescenario
B when comparingwith ScenarioFO(fully open economy Given its relativehigh contribution to
transmission compared tGVA the education sector wouldperate at 80% under any k. But for
the other sectors, there argains associated with increasing hospital capdortyScenaris B (Fig.4,
Tab.S4. If Hna=12,000, he GVA lostor accommodatiorandfood servicesamount to about£9.2bn,
for retail ébout £8.3on, personal services aboui5.4bn, and forarts about £4.9%n. However, if we
increased hospital capacity tdna—=24,000, thee would be no GVA loss faccommodation andood
and retail,and losses of less thalin for the other sectordf we dlow hospitalizations and infections
to increase there will be more deaths, whiochcourseare of central importance talecision makers
but whichwe do not calculatas part ofthis study.Instead, they are implicit in thievel of hospital
capacity chose by decisiormakers.

3.5 Stringency of nompharmaceutical interventions

The projections from all scenarios rest on the assumption that other NPIs are relatively stringent, i.e.
that interventions such as wearifgcemasks, social distancing, reduced ngxdf households, self

i sol ati on, and others are implemented and well
the reduction in Rachieved by NPIs over the lockdown period. For all scenariosliove far about

11% less stringency inNPIsT t he period after May 2020 by setti

i n o fromM.§litor.§4 for Scenario B 1=18,000) result imuch stricterclosures required to

keep within the epidemiologicaonstraints(Tab. Syersus SB and a subtantial associated GVA loss
(Fig. 5 Tab. S¥ Weak NPIs translate into economic losses because stricter closures are required to
keep within h o s p 0.84,adectors aviphahigh tIGYA losse® metaib (£21bn),
Scenario FO. There is no feasible solution for
below. This implies that it is impossible keep the economy even minimally operational AN
maximum hospital occupancy at 18,000 if there is weak adherence to NPIs. Effectively, a society that
accepts more stringent NPIs is rewarded with a higher GDP afei@r infections. This implies that

there is effectively a fouway tradeoff between GIP, infections (and deaths), hospital capacity and
social liberties.

3.6 Sensitivity analyses

Projected incidences sensitive to contact rates in the community and the education sector (Fig. S5)
and to assumptions on the proportion of workers workingm-home (Fig. S6¢hildrenare probably
less susceptble to infection than adult§30-32], though evidenceis still conflicting [33, 34] We
evaluated the outcomes for snario B (H2=18,000) if children under the age of 16 have a 50% lower
susceptibility to infectionWerefitted the modelto the samedata andfound thatschool closures have
less impact on transmission dynam{€sg S7)This implieshat economic sectoraeed to clog more
strictly at a greater loss to GVéompared tothe assumption ofqual susceptibilityalthoughthe
sectors recommended for closure dtee same Finally we evaluated outcomes when changes to the
economic configuration are alloweglsery month instead oftwo months(Fig. $). Thereduction in
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GVA losss modest(£487 million Tab. 8), which may not justify the upheaval associated with more
frequent changes in policy.

4. Discussion

DAEDALUS8xamines the extent to which economic activitgn be sustained whilstducational
institutionsare keptopen andhas been applied to the UK ddifferentiated sectoralclosurestrategy
is followed whereby certain economic sectors are partially closedr a sixnonth period a GDP gain
of between £163bn and £205bn ovesix months can be secureddepending on spare hospital
capacity)compared to ablanket lockdown of all nonessential servicesDifferentiated ®ctoral
closureghat keephospital occupancy at a set maximum (between 12,000 and 24tBaf)ghout the
period arecomparedwith a fully open economyhat is projected to cause abo@8,000 COVHR9
patientsunder active caret its peak Activitiesthat require partial closurein variousmonths over
autumn and winter 2020/21 araccommodatim and food services including restaurants and bars,
retail, creativeandarts, entertainment, sports, amusemejtecreation,andactivities ofmembership
organisationsToachieve the same outcomessaoral lockdownsieed to bemuch stricter if other
non-pharmaceutical interventionsuch as social distancing are welkcision makersanreoptimize
for a new intervention periodbeforethe end ofsixmonthsif objectives change arew data become
available

There areseveralstudies that seek to model theconomic impact of SARSV19 and control
strategieq35]. Pichler et gl18] use a sophisticated economic model that considers interdependencies
between setors arising from both essential and nessential inputs, and pandemielated shocks

to demand, supply and employment. The economic model is combined with a sirapsmissbn
model to project the impact ofhe March 2020lockdown on GDP and transmimsi Somestudies
investigate combined epidemiological and economic effects of lockdown policies, but fall short of
calculating impact on GVA by sector considering their comipliexdependencied36-40]. Lastly,
some studies assess the economic and financial impacts of the-SAR® pandemic and control
strategies at national and international level, but they do not integrate the analysis with an
epidemiological model and do not offer projections of the combinedr®mic and epidemiological
impact of alternative policy intervention85]. DAEDALURosesthe decision makeigproblem asa
constrained optimization of economic output and offers clear guidance on which sectors to open
when, andto what extent. The parameters of thepidemiological modeére aligned with Imperial
Collegé s -fivee dMbdel[27].

Our analysivias important limitationsDAEDALU®Ilies on contact data classified by economic sector
of employment. Although the French survey on which our data are basedlystbkae representative

of many highincome countries, such data would ideally be tailored directly to the country and the
detailed sectors under scrutinjpdditionally, the sector in which the survey respondent is employed
is reportedonlyat high level ad does not give further informatioon what type of work the individual
performs.There are large variations in physical proximity by occupation g Similaty, we have
made only rudimentary efforts to adjust foiPIgout in place to reduce transmission risd voluntary
behaviour changdt will be important to refineDAEDALU& new data become available.

DOl:https://doi.org/10.2556183928 Paged of 55



16 November 2020 Imperial College COVID-19 response team

The most recent available 10 table is fr@016 anddoes not reflect recent changes in the economy.

In line with usual IO methodology, we assume Leontief production functions with constamseitur
scale[42]. With heterogereous sectors it will always be the case that partial opgriha sector may

be able to focus on subsectors that are highly productive or have low reliance on inputs from other
sectors that remain closed. However, policymakers may find it difficulfotmulate granular
opening/closurepoliciesfocusing on economiactivities withirsectors andnsteadbe forcedtowards
blanketsectoralpolicies A further concern is that with constraints on supplies some producers

may change to alternativeuppliers. However, relatively fixed production processes mean thaethe

is likely to be limited scope for changing the sector in which the supplies are produced. Producers may
instead seek to solve supply chain problems by impgrinputs for which thee are domestic
shortagesWe have built in some flexibility in produsti processes by allowing some tolerance in
maximum and minimum levels of economic activity.

Finally, we make no allowance for changes in prices or demand for final products. To senteiext
demandchanged or a s e c treaxpected pnd cad heuastified, this can be incorporated
into DAEDALUBY imposing an exogenous change to the relevant economic constraint. The major
challenge is identifying the likely nature and magnitudesuch change the absence of available

data, although estimates my be forthcoming as evi deenomes fr om

available.

DAEDALUSSes to minimize the deleterious effects to thwoadereconomy of protecting education
andhealth servicesa policy tradeoff that is being confronted worldwidé&Vhile the world is waiting
for an effective vaccine, the policy challenge will be howdepeducational institutionsopen, the
economy partially openand keep the pandemiccontrolled so that health services are not
overwhelmed We neednoveltypes of econonic model that incorporate transmission dynamics as
constraintg43]. DAEDALUS makeférat attempt. Faced wittihe prospect o generationof children
with poor educational outcomes andracession of historic magnitude, we have little choice but to
guantify difficult trade-offs. While the precisemonthly economic configurationgdentified by our
study aresensitive to the stringency of othdPIs, theecommendedpriority list of sectorgo keep
open and clos@roved robust toextensivesensitivity analyses.
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Figure 1:Projected incidence, hospital occupancy araptimal economic configuration under scenario A (GDP maximizatjdmspital capacity 18,00 beds,January2020 to
February 2021
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Figure INote: Scenario A maximizes GDP via succebsim®nthly opening and closing @&3 sectors over @ixmonths intervention periodsubject to epidemiological and economic
constraints any economic sector inofling the education sector may be closed down to 80% of observed closure theitggkdown periodMarch— May 2020, but not lower, in
orderto sustain essential services; model fittedEaglisthospitalization data fron20th Marchto 30th June 2020

Panel 1Ashowsprojecteddaily infectionincidence andlailyhospital occupancietween January 2020 and February 20Rireegreyhorizontal lines display alternative assumptions
on maximum emergenckiospital capacityor the treatment of COVI9 patierts. Here, hospital capacity is constrainedl8000beds (2" line from below)

PanellBillustratesthe economic configuratiofbi-monthly sector openings)ssociated with Scenario@DP maximizatiadPRE ithe pre-pandemic period, LD tke lockdownperiod
March—May 2020 in the UKplotted for comparison based on data fdosures ohigherlevel sector categorie$eriod 12 is SeptembeOctober202Q period3-4 is November
Decenber 2020, period % is JanuarnFebruary 2021sectors are listed onhte vertical axis, and months on the horizontal axis. Openingsbeiveen fully open as prpandemic
(yellow, 1) to closed (blug0), with optimal openings for each month over the intervention per®eptember2020 to February 2021 indicated
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Figure 2Note: Scenari® optimizesGDP via successisemonthly opening and closing of 63 sectors ovesiamonths intervention period, subject to epidemiological and economic
constraints; any economic sectexkcept forthe education sector may be closed down to 80% of observed closure dbemackdown periodMarch —May 2020, but not lower, in
orderto sustain essential servicahe education sector is constrained to stay open at or above 80% gigomemic production levelsnodel fitted to hospitalization datéor England
from 20th Marchto 30th June 2020

Panel2A shows projected daily infection incidence and daily hospital occupancy between January 2020 and Februalye2@2&e grey horizontallines display alternative
assumptions on hospital capacity. Here, hospital capacity is constraingj0@01eds @™ line from below);

Panel 2B illustrates the economic configurationrflmnthly sector openings) associated with Scen&rieducationop e rPRE ithe pre-pandemic period, L3 thelockdown period
March—May 2020 in the UK, plotted for compsoin based on data for closures of highevel sector categories; Period2lis SeptembeOctober 2020, period-8 is November
December 2020, payd 56 is JanuarnFebruary 2021; sectors are listed on the vertical axis, and months on the horizontal @eisng3 vary between fully open as grandemic
(yellow, 1) to closed (blu®), with optimal openings for each month over the intervention pdr&eptember2020 to February 2021 indicated.
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Figure Note:In ccenario A any economic sectamcluding the education sectemay be closedlownto 80% of observed closure duritfe lockdown period bt not lower to sustain
essential services

in scenario B the education sectorapen at 80% throughoutind all other sectors may be closddwnto 80% of observed closure duritige lockdownperiod; in scenarioLDAIn
panel 3Aall economic sectors ardosedto levelsobserved closure durintie lockdownperiod;

in scenarid_DBin panel 3Ball economic sectors are clostallevelsof observed closure durintpe lockdown periocexcept forthe education sectowhichis operational at 80%;

in scenarid=Oall sectors are open

in all scenarios includingQ stringentNPIs and seffroductive behaviour reduce transmission;

Hmaxrepresents three alternative assumptions spare emergenciiospital capacityor COVIEL9 patientsin scenarios A and, hdicated by the three grey horizontal lines
displayed is aggregate GDP over six months

PRE ishe pre-pandemic period, LD the lockdown period MarckMay 2020 in the UK
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Figure 4:Loss in Gross Value Added due to sector closures usdenario B éducation open) compared toFO(fully open), September 2020 to February 2021
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Figure 4Note: The figure shows the extent of loss in Gross Value Added (GVA) over six months of the sectors selected for S8osnagi®BGVA loss on the vertical axisnotes
the aggregate loss in GVA £ million osermonths that occurs because the serg@re partiallyclosed compared to a fully open econon{$cenario FQHmnax represents three
alternative assumptions on spare emergency hospital capacity for COMpBients. Seelab.S3 for exactvalues of closures for all 63 economic sectors

Hma=12,00:Dark bluesectorsfrom* Di st ri but i on, t r an dronolefttorightari8&hdesatemard retaittrade and re@ain df motor vehicles and mmtoles,

30 ‘Retail trade, except of motor vehicles and motorcyc{esss of£8.3bn) 31‘Land transport and transport via pipeling34 ‘Warehousing and support activities for transportatipn

35 ‘Postal and courier activities36 ‘Accommodation and fod service activitiegloss of £9.2bn)light blue sectord§ r om * Gover nment , heal th & educa
‘Public administration and defence; compulsory social secu&6/Education (loss of£9.7bn) 57‘Human health activities58‘Social worka ¢ t i wdark redsesctorsf r om * Ot h e
services’ f r o559 'Cileativfetartstand entaértginment activides; libraries, archives, museums and other cultural actjatigsling and betting activiti€s60 ‘Sports

activities andamusement and recreatioactivities, 61‘Activities of membership organisation$3‘Other personal service activities

Hma=18,000:dark blue sectorsf r om * Di stri buti on, transport, h o t'Retaik trade,nedcapof enmtbravehicles rahdsmotoréyclgs3d | e f t
‘Accommodation and food service activitidigght blue sectord r om * Gover nment , heal t h B35 'Pablicadnanistraton and defercencompuisdry sdcial r i ¢
security, 56‘Education (loss d £9.7bn) dark redsectorsf r om ‘ Ot her s er v i c58‘Ereative, arts mnd ergeftainmeénbactivitieg libtaries, arehives, museums and
other cultural activities; gambling and betting activitig®0*Sports activities and amusement aretreation activitie§ 61'Activities of membership organisaticr@3 ‘Other personal

service activitie’s

Hma=24,000light blue sectof r om * Gover nment , heal t his5&Edacdtiorglass of £9rybn)darkrrenisectdrsé f bOmthoe rr isgehrtvi ces’ fr om

59 ‘Creative, arts and entertainment activities; libraries, archives, museums and other cultural activities; gambling andabetiiies, 60‘Sports activities and amusement and
recreation activites, 61'Activities of membership organisation83‘Other personal service activities.
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Figure 5: Loss in Gross Value Added under Scenario B (education open) and alternative assumptions on stringencypladrn@aceuticalinterventions, September 2020 to
February 21
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Figure 5 note: Extent of loss in Gross Value Added (GVA) over six robtitbsectors selected for closure by Scen&tumder alternative assumptions dhe stringency of NPIs and
voluntary behaviour changeom stronger §=0.61) to weaker §=0.64) stringency. Thenultiplier d captures the dampening impactof NPIsand di vi dual s’ behavi our
as represented by:Rincluding social distancing in social and work environments, facemasks, tasthigacing, selisolation, shielding the vulnerable, travel restrictions, and

limits to social gatherings. @arated value o® for the lockdown period MarchMay 2020 is 0.54.

GVA loss on the vertical axis denotes the aggregate loss in GVA £ million over six months that occurs lisaatard are partially closed, compared to a fully open economy
(Scenario FQHna=18,000.

Sectors withaggregateGVA losglose to andabowe £5bn over 6 monthsare:
0 = 0 (réativelystringentNPIs)Dar k bl ue sectors frormo'tRBil $t raintdu trieosnt,a utr Ba@Retsptradd t excapt of neofort vehicles andi g h t
motorcyc3dbeAccommaldati on and food service activitiesis56' Edgbhat bod m'e;frerd &'t trhr efrdsosseeré 3

63' Ot her gerrwiomealacti vities’

0=0.D&Zk blue sectors from ‘'DistribdtiRenaiifrdamapgert exltetpe!l 0 fanBdtAioes dvienho deal tteiso na anadr

service activities’; |l ibeal bhué& mébu tPatbd ot @aami Gosvermmeé mn, and 56'elE ceunaceet; 576chd'imm aia rsdo r
health activitifesm 'd®dahieeid9s@reatcicseé s arts and entertainment a curdl activitiels;,ganmblind and r ar i
betting ad®3 iOtihteire sp’'e r saonnda | service activities’

0=0.D&8BkKk blue sectors from ' DitsaturiabngBbtsiwhmlretsrades poratde, hexelept amdd Rmsmttad rl wve haidcel, e se xa
vehi cl es an(Highdoestofearly §1dbn)arsl36° Ac c o mmord aand f ood (kightossiofmearlyEteéb) vghi eb! ue sectors from
educat 5 nPubariec administration and 56@'eH dewncceaet; b76chd’'unmpaial nsdo & & | (Wi loss alilvar 88261 idarksred gectorérom

“ Ot her aseé b@aative arts and entertainment activities; libraries, archives, museums and other cultural activities; gambling andbetting v i 63 eCst'h,eramde r s o
service activities’

0 = 0 (redatively weak NPIshight grey sectois'Const ructi on’' ; daDriksthrliweuts eocent,o rtsr afnrsopn@&‘Whplesaleanderétadl tradenadd repairs t a u |
of motor vehicl 25 Wandldemat er tytarbvehiglésand metgayclegifih lossof £12bnB0° Ret ai | trade, except of mot «
(high GVA loss afearly£21bn), 31 Land transport and t36'afMccpoommo dvaitai omi pékighdiGhie tess difvesddtiih), oranges sector from

“I'nf or mati on a is40 'Compoten pragrammingj consultancy and related activities; information service activitiese | | ow sector froml' Fi na
‘“Financi al ser vi ce aadpensdwni tfiuensd,i negX ¢, e dti gihrts Wwrl aurec es e c t o r sb5'Public adminisratieneandndefencef compblsory | t h
soci al b56'eEduurd atyd7o HU ma a n de a’l(nigh GV tossiolei£1%npdarkredsectorf r o mh'e® saebd iCoex’'t i ve, arts and ent

|l i braries, archives, museums and ot her 68ultthueralpearcdgdndlt i £er;vigaenbd d tnigv iatnide sb’e.t t i n
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TableS1: Economic activitiesadsified under Sector Industry Classification P (56 Education)

Code 85100: Prprimary education

Church schools at nursery and primary level

List of activities classified inside the UK SIC Code 85100

Hospital shools at nursery and primary level

Kindegartens

Nursery schools

Preprimary education

Code 85200: Primary education

Infant schools

List of activities classified inside the UK SIC Code 85200

Junior schools

Middle schools deemed primary

Preparatory schools

Primary and preprimary educati

Primary education

Primary schools

Special schools at primary and preprimary level

Code 85310: General secondary education

Church schools at secondary level

List of activitieslassified inside the UK SIC Code 85310

Sixth form colleges

Seconday schools

Secondary modern schools

Secondary level education

School examination board

Public schools

Hospital schools at secondary level

Grammar schools

Conventschools at secondary level
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Comprehensive schools

Special schools at secondaeyel

Code 85320: Technical and vocational secondary education

Agricultural college

List of activities classified inside the UK SIC Code 85320

Management trainingestablishment

Military school

Music teacher (own account)

Nautical school

Royal Aademy of Dramatic Art

School of arts and crafts

School of speech and drama

Secretarial college

Seminary

Technical and vocational adult educati@@xcl. cultural, sports, recreation education and the like)

Technical and vocational education

Technical and vocational secondary education

Technical college

Tertiary college

Tourist guide instruction

Tuition for ships licences faommercial certificates and permits

Instruction for chefs, hoteliers and restaurateurs

Government training agtre

Apprentice school

Arts and crafts school

Ballet school

City and Guilds of London Institute

Civil service college

Tuition for ships licences for commercial certificates and permits

Instruction for chefs, hoteliers and restaurateurs

Govenment training centre
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Apprentice school

Arts and crafts school

Ballet school

City and Guilds of London Institute

Civil service college

Code 85410: Postecondary nortertiary education

College of nursing

List of activities classified insidegttuK SIC Code 85410

Higher education (sub degree level)

Postsecondary nontertiary vocational education

School ofanguages

Vocational education at postsecondary nontertial level

Code 85421.: Firgtegree level higher education

College of higher edutian (degree level)

List of activities classified inside the UK SIC Code 85421

University college

University

Universities Central Council on Admissions

Theological college specialising in higher education course

Study leading to a one year postduate certificate of education (PGCE)

Polytechnics

Performing arts schools providingrtiary education

Open University

Military college

Medical school

Law college

Higher education at the first degree level

Graduate school for business dias

Firstdegree level higher education

Dental college or school

Council folNational Academic Awards

Correspondence college specialising in higher education courses (degree level)

University medical or dental school

DOI: https://doi.org/10.2556183928

Page24 of 55




16 November 2020

Imperial College COVID-19 response team

Code 85422: Pogjraduate leel higher education

Higher education at postgraduate level

List ofactivities classified inside the UK SIC Code 85422

Postgraduate college

Code 85510: Sports and recreation education

Bridge instructor

List of activities classified inside the UK SIG@&&$10

Teachers of sport

Swimming instruction

Sports andecreation education

Sport and game schools

Ski instructor (own account)

Riding school

Martial arts instruction

Instructors of sport

Gymnastics instruction

Coaches of sport

Chessnstructor

Card game instruction

Yogainstruction

Code 85520: Cultural education

Art instruction

List of activities classified inside the UK SIC Code 85520

Photography schools (except commercial)

Performing arts schools (except academic)

Fine ats schools (except academic)

Dancing schools and dance instructor activities

Dancing school

Dancing master

Dancing academy (ballroom)

Cultural education

Piano teachers and other music instruction

Code 85530: Driving school activities

Driving nstruction

List ofactivities classified inside the UK SIC Code 85530

Driving school activities

Flying school activities (not type rating)
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Flying schools not issuing commercial certificates and permits

Sailing schools not issuing commercial cedtts andpermits

School of motoring

Ship licence tuition (not commercial certificates)

Shipping schools not issuing commercial certificates and permits

Code 85590: Other education n.e.c.

Academic tutoring

List of activities classified inside the BKXCode 85590

National institute for adult continuing education

Other adult and other education n.e.c.

Private training providers

Professional examination review courses

Public speaking training

Religious instruction

Speed readingnstruction

Survival training

Teacher n.e.c.

Mentally handicapped adult training

Lifeguard training

Adult education centre

Adult education residential college

Computer training

Continuation school

Correspondence college (n#ading to degree levejualifications)

Council for Accreditation of Correspondence Colleges

Day continuation school

Language instruction and conversational skills instruction

Learning centres offering remedial courses

WorkersEducational Association

Code 85600: Edudanal support activities

Educational consulting

List of activities classified inside the UK SIC Code 85600

Educational guidance counselling activities
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Educational support activities

Educational testingctivities

Educational testing evaluation adties

Organisation of student exchange programmes

Scholastic agent

School agent

Sourcehttps://www.siccode.co.uk/section/p
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Table S2Closures of theeducationsector under Scenar®A (GDP mairization) and LDA (lockdown)

Imperial College COVID-19 response team

LDA A: max occupancy 12,000 beds| A: max occupancy 18,000 beds| A: max occupancy 24,000 beds| sector
Sept/Oct | Nov/Dec | Jan/Feb | Sept/Oct | Nov/Dec | Jan/Feb | Sept/Oct | Nov/Dec | Jan/Feb | division | description
0.59 0.83 0.51 0.65 0.93 0.54 0.76 1 0.56 0.86 56 Education

Note: shown are closuregl: open, 0: fully closed)f the education sector ipercentage compared to prepandemic level of productigrwe find that under scenario A, all sectors
except for the education sector are opanh pre-pandemic levelsgach column showbki-monthly periods of fixeatlosures of the education sectorUnderscenario LDAk closure

values for all sectors except for the education sector are the same as in LDEbs88.
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Table S3Closures of ecoaomic sectoraunder Scenarie B ducationopen)and LDB (lockdown except education)

LDB | B (12,000) B (18,000) B (24,000) Sectors

Sept | Sept/ | Nov/ | Jan/ | Sept/ | Nov/ | Jan Sept/ | Nov/ Sections and

Feb Oct Dec | Feb Oct Dec |/Feb | Oct Dec | Jan/Feb | divisions Description

094 |1 1 1 1 1 1 1 1 1 [A] 1 Crop andanimal production, hunting and related service activities

094 |1 1 1 1 1 1 1 1 1 [A] 2 Forestry and logging

094 |1 1 1 1 1 1 1 1 1 [A] 3 Fishing and aquaculture

084 |1 1 1 1 1 1 1 1 1 [B-E] |4 Mining and guarrying

072 |1 1 1 1 1 1 1 1 1 [B-E] 5 Manufacture of food products, beverages and tobacco products

072 |1 1 1 1 1 1 1 1 1 [B-E] 6 Manufacture of textiles, wearing apparel and leather products

0.72 Manufacture of wood and of products ofvood and cork, excep
1 1 1 1 1 1 1 1 1 [B-E] 7 furniture; manufacture of articles of straw and plaiting materials

072 |1 1 1 1 1 1 1 1 1 [B-E] Manufacture of paper and paper products

072 |1 1 1 1 1 1 1 1 1 [B-E] Printing and reproduction of recorded media

072 |1 1 1 1 1 1 1 1 1 [B-E] 10 | Manufacture of coke and refined petroleum products

072 |1 1 1 1 1 1 1 1 1 [B-E] 11 | Manufacture of chemicals and chemical products

0.72 Manufacture of basic pharmaceutical products and pharmaceu
1 1 1 1 1 1 1 1 1 [B-E] 12 | preparations

072 |1 1 1 1 1 1 1 1 1 [B-E] 13 | Manufacture of rubber and plastic products

072 |1 1 1 1 1 1 1 1 1 [B-E] 14 Manufacture of other normetallic mineral products

072 |1 1 1 1 1 1 1 1 1 [B-E] 15 | Manufacture of basic metals

0.72 Manufacture of fabricated metal products, except machinery ¢
1 1 1 1 1 1 1 1 1 [B-E] 16 | equipment

072 |1 1 1 1 1 1 1 1 1 [B-E] |17 | Manufacture of computer, electronic and optical products

072 |1 1 1 1 1 1 1 1 1 [B-E] | 18 | Manufacture of electrical equipment

072 |1 1 1 1 1 1 1 1 1 [B-E] 19 | Manufacture of machinery and equipment not. elsewhere. classified

072 |1 1 1 1 1 1 1 1 1 [B-E] | 20 | Manufacture of motor vehicles, trailers and setrilers

072 |1 1 1 1 1 1 1 1 1 [B-E] |21 | Manufacture of other transport equipment
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072 |1 1 1 1 1 1 1 1 1 [B-E] 22 | Manufacture of furniture; other manufacturing
072 |1 1 1 1 1 1 1 1 1 [B-E] | 23 | Repair and installation of machinery and equipment
085 |1 1 1 1 1 1 1 1 1 [B-E] | 24 | Electricity, gas, steam and air conditioning supply
094 |1 1 1 1 1 1 1 1 1 [B-E] |25 | Water collection, treatment and supply
0.94 Sewerage; waste collection, treatment and disposal activities; mate
1 1 1 1 1 1 1 1 1 [B-E] 26 | recovery; remediation activities and other waste management servid
056 |1 1 1 1 1 1 1 1 1 [F] 27 | Construction
065 |1 1 084 |1 1 1 1 1 1 [G] 28 | Wholesale and retail trade arm@pair of motor vehicles and motorcyclg
065 |1 1 1 1 1 1 1 1 1 [G] 29 | Wholesale trade, except of motor vehicles and motorcycles
065 |1 091 | 052 |1 1 089 |1 1 1 [G] 30 | Rdail trade, except of motor vehicles and motorcycles
061 |1 1 063 |1 1 1 1 1 1 [G] 31 | Land transport and transport via pipelines
061 |1 1 1 1 1 1 1 1 1 [G] 32 | Water transport
061 |1 1 1 1 1 1 1 1 1 [G] 33 | Air transport
061 |1 1 085 |1 1 1 1 1 1 [G] 34 | Warehousing and support activities for transportation
061 |1 1 0.7 1 1 1 1 1 1 [G] 35 | Postal and courier activities
0.09 |1 078 | 035 |1 1 078 |1 1 1 [G] 36 | Accommodation and food service activities
085 |1 1 1 1 1 1 1 1 1 [J] 37 | Publishing advities
0.85 Motion picture, video andtelevision programme production, soun
recording and music publishing activities; programming and broadca
[J] 38 | activities
0.85 [J] 39 | Telecommunications
0.85 Computer programming, consultancy and relasedivities; information
[J] 40 | service activities
0.96 K] 41 | Financial service activities, except insurance and pension funding
0.96 Insurance, reinsurance angension funding, except compulsory soc
1 K] 42 | security
0.96 0.97 K] 43 | Activities auxiliary to financial services and insurance activities
0.97 44&
1 1 1 1 1 1 1 1 1 [L] 45 | Real estate activities & imputed rents of owrmrcupied dwellings4
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0.79 Legaland accounting activities; activities of head offices; managen
1 1 1 1 1 1 1 1 1 [M-N] | 46 | consultancy activities

079 |1 1 1 1 1 1 1 1 1 [M-N] | 47 | Architectural and engineering activities; technical testing and analys

079 |1 1 1 1 1 1 1 1 1 [M-N] | 48 | Scientific research andevelopment

079 |1 1 1 1 1 1 1 1 1 [M-N] | 49 | Advertising and market research

079 |1 1 1 1 1 1 1 1 1 [M-N] | 50 | Other professional, scientific and technical activities; veterinary activ

065 |1 1 1 1 1 1 1 1 1 [M-N] | 51 | Rental and leasingctivities

065 |1 1 1 1 1 1 1 1 1 [M-N] |52 | Employment activities

065 |1 1 1 1 1 1 1 1 1 [M-N] | 53 | Travel agency, tour operator reservation service and related activitig

0.65 Security and investigation actiies; services to buildings and landsca

activities; office administrative, office support and other busin
1 1 1 [M-N] | 54 | support activities

1.01 0.9 0.8 0.88 [O-Q] |55 | Public administration and defence; compulsory social security

0.80 | 0.8 0.8 0.8 0.8 0.8 0.8 0.8 0.8 0.8 [0-Q] 56 Education

0.69 1 0.69 1 [O-Q] |57 | Human health activities

0.69 1 0.91 1 1 [O-Q] |58 | Social work activities

0.49 Creative, arts and entertainmerictivities; libaries, archives, museum
0.39 | 0.39 |0.39 047 (039 |1 1 0.9 [RT] 59 | and other cultural activities; gambling and betting activities

0.49 |0.39 |0.39 |0.39 0.39 | 039 |1 0.67 | 0.39 [RT] 60 | Sports activities and amusement and recreation activities

051 |04 0.4 0.4 0.44 |04 0.4 1 0.4 0.4 [RT] |61 | Activiies of membership organisations

051 |1 1 1 1 1 1 1 1 [RT] 62 | Repair of computers and personal and household goods

051 |04 0.4 0.4 0.4 0.4 1 1 0.4 [RT] 63 | Other personal service activities

0.51 Activities of householdsas employers; undifferentiated goodsind
1 1 1 1 1 1 1 1 1 [RT] 64 | servicesproducing activities of households for own use

Note: shown are closuregl: open,0: fully closedpf all economicsector in percentage compared to ppandemic level of productionnder scenarios B andDB The two months
denote periods of fixe&tconomic configurationsequired under scenari@®; the education is open at 80% ppandemic production under scenario BJnder scenario LDA, the

closurevalues for all sectors except for the education secterthe same as in LDB, séab.S3
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Table 8. Loss in Gross Valuslded underall scenarics

Imperial College COVID-19 response team

Sector
A A A B B B B (6x1, 0 1| sections and
LDA LDB (12,000) | (18,000)| (24,000) | (12,000)| (18,000)| (24,000)| 18,000)| 18,000) | divisions Description
313 313 0 0 0 0 0 0 0 124 [A] 1 Crop and animal production, hunting and related service activitie|
15 15 0 0 0 0 0 0 0 20 [A] 2 Forestry and logging
16 16 0 0 0 0 0 0 0 0 [A] 3 Fishing and aquaculture
797 797 0 0 0 0 0 0 0 548 [B-E] 4 Mining and quarrying
3815 3815 0 0 0 0 0 0 0 2295 [B-E] 5 Manufacture of food products, beverages and tobacco products
742 742 0 0 0 0 0 0 0 488 [B-E] 6 Manufacture oftextiles, wearing apparel and leather products
Manufacture of wood and of pragtts of wood and cork, excef
476 476 0 0 0 0 0 0 0 378 [B-E] furniture; manufacture of articles of straw and plaiting materials
663 663 0 0 0 0 0 0 0 332 [B-E] 8 Manufacture of paper and paper products
586 586 0 0 0 0 0 0 0 561 [B-E] Printing and reproduction of recorded media
280 280 0 0 0 0 0 0 0 141 [B-E] 10 | Manufacture of coke and refined petroleum products
1620 1620 0 0 0 0 0 0 0 813 [B-E] 11 Manufacture of chemicals and chemical products
Manufacture of basic pharmaceutical products artthpnaceutical
1629 1629 0 0 0 0 0 0 0 817 [B-E] 12 preparations
1069 1069 0 0 0 0 0 0 0 835 [B-E] 13 Manufacture of rubber and plastic products
797 797 0 0 0 0 0 0 0 523 [B-E] 14 Manufacture of other normetallic mineral products
592 592 0 0 0 0 0 0 0 436 [B-E] 15 Manufacture of basic mets
Manufacture of fabricated metal products, except machinery g
2037 2037 1495 [B-E] 16 | equipment
1789 1789 947 [B-E] 17 Manufacture of computer, electronic and optical products
661 661 0 0 0 0 0 0 425 [B-E] 18 | Manufactue of electrical equipment
Manufacture of machinery and equipment not. elsewhe
1528 1528 0 0 0 0 0 0 0 1534 [B-E] 19 | classified.
2165 2165 0 0 0 0 0 0 0 1086 [B-E] 20 Manufacture of motor vehicles, trailers and setrdilers
1274 1274 0 0 0 0 0 0 0 1146 [B-E] 21 Manufacture of other transport equipment
1103 1103 0 0 0 0 0 0 0 1004 [B-E] 22 | Manufacture of furniture; other manufacturing
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1569 1569 0 0 0 0 0 0 0 1373 [B-E] 23 Repair and installation of machinery and equipment
1906 1906 0 0 0 0 0 0 0 1331 [B-E] 24 Electricity, gas, steam and air conditioning supply
221 221 0 0 0 0 0 0 0 287 [B-E] 25 | Water collection, treatment and supply
Sewerage; waste collection, treatment and disposal activit
materials recovey; remediation activiies and other wast
469 469 0 0 0 0 0 0 0 609 [B-E] 26 management services
24100 | 24100 | O 0 0 0 0 0 0 10057 [F] 27 | Construction
Wholesale andretail trade and repair of motor vehicles an
5218 5218 0 0 0 812 0 0 0 6243 [G1] 28 | motorcycles
13101 | 13101 | O 0 0 0 0 0 0 11988 | [GH] 29 | Wholesale trade, except of motor vehicles and motorcycles
15095 | 15095 | O 0 0 8269 1603 0 1924 20718 [G1] 30 Retail trade, except of motor vehicles amitorcycles
5762 5762 0 0 0 1800 0 0 0 6947 [G] 31 | Land transport and transport viapglines
1156 1156 0 0 0 0 0 0 0 664 [G] 32 | Water transport
941 941 0 0 0 0 0 0 0 822 [GN] 33 | Air transport
3875 3875 0 0 0 502 0 0 0 4104 [G] 34 | Warehousing and support activities for transportation
2507 2507 0 0 0 632 0 0 0 3024 [G1] 35 Postal ad courier activities
28806 | 28806 | O 0 0 9194 2346 0 2535 26376 [G1] 36 | Accommodation and food service activities
885 885 0 0 0 0 0 0 0 1063 [ 37 | Publishing activities
Motion picture, video and television programmeogluction, sound
recording and music publishing activities; programming ¢
1264 1264 0 0 0 0 0 0 0 893 [J 38 | broadcasting activities
2175 2175 0 0 0 0 0 0 0 1537 [J] 39 | Telecommunications
Computer programming, consultancy and related activiti
4088 4088 0 0 0 0 0 0 0 4854 [J] 40 information service activities
1396 1396 0 0 0 0 0 0 0 4870 K] 41 | Financial service activities, except insurance and pension fundin
Insurance, reinsurance and pension funding, except compul
533 533 0 0 0 0 0 0 0 1860 K] 42 | social security
444 444 0 0 0 106 0 0 0 1856 K] 43 | Activities auxiliary to financial services and insurance activities
44&
3779 3779 0 0 0 0 0 0 0 246 [L] 45 Real estate activities & imputed rents of owrmrcupied dwellings4
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Legal and accouimg activities; activites of head office

6897 6897 0 0 0 0 0 0 0 2022 [M-N] | 46 management consultancy activities
Architectural and engineering activities; technical testing ¢
2185 2185 1275 [M-N] | 47 | analysis
2160 2160 0 [M-N] | 48 | Scientific research and deveiment
2520 2520 0 0 0 0 0 0 0 0 [M-N] | 49 | Advertising and market research
Other professional, scientific and technical activities; veterin
1549 1549 0 0 0 0 0 0 0 904 [M-N] | 50 | activities
3989 3989 0 0 0 0 0 0 0 0 [M-N] | 51 Rental and leasing activities
4642 4642 0 0 0 0 0 0 0 0 [M-N] | 52 | Employment activities
1666 1666 0 0 0 0 0 0 0 263 [M-N] | 53 | Travelagency, tour operator reservation service and related activi
Security and investigation activities; services buildings and
landscape activities; office administrative, office support and ot
6049 6049 0 0 0 0 0 0 0 2773 [M-N] | 54 | businessupport activities
0 0 0 0 0 4611 1829 0 2167 9060 [O-Q] | 55 Public administration and defence; compulsory social security
19589 | 9655 16237 12478 | 9335 9655 9655 9655 9655 9654 [O-Q] | 56 | Educatiori
13718 | 13718 | O 0 0 4573 0 0 0 19399 | [O-Q] | 57 | Humanhealth activitie¥
6285 6285 0 0 0 646 0 0 0 7738 [O-Q] | 58 | Social work activities
Creative, arts and entertainment taties; libraries, archives|
4070 4070 0 0 0 4864 3053 280 2432 4863 [RT] 59 museums and other cultural activities; gambling dedting activities
2523 2523 0 1 1 3014 2010 1551 2512 3015 [RT] 60 | Sports activities and amusement and recreation activities
1777 1777 0 1 1 2141 2104 1427 1784 2142 [RT] 61 | Activities of membership organisations
613 613 0 0 0 0 0 0 0 314 [RT] 62 Repair of computers and personal and household goods
4476 4476 0 0 0 5391 3594 1797 2696 5391 [RT] 63 | Other personal service activities
Activities of households as employers; undifferentiated geadsl
1206 1206 0 0 0 0 0 0 0 69 [RT] 64 | servicesproducing activities of households for own use
229174| 219240 | 16256 12484 9354 56211 26192 14711 25705 | 196552 total GVA loss (compared to FO)

Note: For all scenans GVAlossis reported in £ millionggainst a fully open economy (FO)
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In scenario A any economic sectorcluding the education sectomay be closed down to 80% of observed closure duttiegockdown period but not lower to sustain essential
servies;

in scenario B the education sectis open at 80% throughout and all other sectors may be closed down to 80% of observed closurthdudakdown period

in scenario LDA all economic sectors are closed to levels observed closuretideitoakdown period March- May 2020

in scenario LDB all economic sectors except for the education sector are closed to levels of observed closutedackdpwn periodand the education sector is operational at
80%;

three alternativeassumptions on spare ermgency hospitatapacity for COVHD9 patients in scenarios A and 2,000, 18,000, 24,000)

all scenarios assume changes in economic configuration every 2 months except for B (6x1,vil@icl08)lows changes every month;

all scenariosincluding FO asimethat stringency ofNPIs and seffroductive behaviour reduce transmissisnubst anti al ly (6=0.61) e X ovbight
assumesveak stringency of nopharmaceutical interventions and/or little sgtfotective behaviour in th@opulation;

*Measuring the GVA contribution of educatiamd human health activitieis problematid29]
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Table S: Closures of economic sectommder weak stringency of nopharmaceutical interventionsd + ' 5, Scermanip B (education openinax=18,000

Sept/Oct | Nov/Dec | Jan/Feb Secto'r . §ections -
and divisions Descriptions
1 1 0.93 [A] 1 Crop and animal production, hunting and related service activities
1 1 0.75 [A] 2 Forestry and logging
1 1 1 [A] 3 Fishing and aquaculture
1 1 0.67 [B-E] 4 Mining and quarrying
1 0.91 0.57 [B-E] 5 Manufacture of food products, beverages and tobacco products
1 0.87 0.57 [B-E] 6 Manufacture of textiles, wearing apparel and leather products
Manufactue of wood and of products of woodnd cork, except furniture; manufacture of articles of straw &
1 0.75 0.57 [B-E] 7 plaiting materials
1 1 0.57 [B-E] 8 Manufacture of paper and paper products
1 0.61 0.57 [B-E] 9 Printing and reproduction of recorded media
1 1 0.57 [B-H 10 Manufacture of coke and refined petroleum products
1 1 0.57 [B-E] 11 Manufacture of chemicals and chemical products
1 1 0.57 [B-E] 12 Manufacture of basic pharmaceutical products and pharmaceutical preparations
1 0.76 0.57 [B-E] 13 Manufacture ofrubber and plastic products
1 0.87 0.57 [B-E] 14 Manufacture of other normetallic mineral products
1 0.80 0.57 [B-E] 15 Manufacture of basic metals
1 0.80 0.57 [B-E] 16 Manufacture of fabricated metal products, except machinery agdipment
1 0.98 057 [B-E] 17 Manufacture of computer, electronic and optical products
1 0.88 0.57 [B-E] 18 Manufacture of electrical equipment
1 0.57 0.57 [B-E] 19 Manufacture of machinery and equipment not. elsewhere. classified.
1 1 0.57 [B-E] 20 Manufacture of mote vehicles, trailers and seriailers
1 0.66 0.57 [B-E] 21 Manufacture of other transport equipment
1 0.65 0.57 [B-E] 22 Manufacture of furniture; other manufacturing
1 0.68 0.57 [B-E] 23 Repair and installation ahachinery and equipment
1 1 0.69 [B-E] 24 Electricity, gas, steam and air conditioning supply
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1 1 0.75 [B-E] 25 Water collection, treatment and supply
Sewerage; waste collection, treatment and disposal activities; materials recovery; remediation activities an
1 1 0.75 [B-E] 26 wastemanagement services
1 1 0.45 [F] 27 Construction
0.71 0.52 0.52 [G] 28 Wholesale and retail trade and repair of motgehicles and motorcycles
1 0.52 0.52 [G] 29 Wholesale trade, except of motor vehicles and motorcycles
0.52 0.52 0.52 [G] 30 Rdail trade, except of motor vehicles and motorcycles
0.61 0.49 0.49 [G] 31 Land transport and transport vigipelines
1 0.84 0.49 [G] 32 Water transport
1 0.49 0.49 [G] 33 Air transport
0.78 0.49 0.49 [G] 34 Warehousing and support activitiesrftransportation
0.61 0.49 0.49 [G] 35 Postal and courier activities
0.35 0.08 0.08 [G] 36 Accommodation and food service activities
1 0.78 0.68 [J] 37 Publishing activities
Motion picture, video and television programme productiosound recording and music publishing activiti
1 1 0.68 [J] 38 programming and broadcastiragtivities
1 1 0.68 [J] 39 Telecommunications
1 0.78 0.68 [J] 40 Computer programming, consultancy and related activities; information service activities
1 0.81 0.77 K] 41 Financial service activities, except insurance and pension funding
1 0.81 0.77 K] 42 Insurance, reinsurance and pension funding, except compulsory social security
0.96 0.77 0.77 K] 43 Activities auxiliary to financial services and insurance activities
1 1 0.99 [L] 44845 | Real estate activities & imputed rents @iyner-occupied dwellings4
1 1 0.81 [M-N] 46 Legal and accounting activities; activities of head offices; management consultancy activities
1 1 0.63 [M-N] 47 Architectural and engineering acities; technical testing and analysis
1 1 1 [M-N] 48 Scientific research and development
1 1 1 [M-N] 49 Advertising and market research
1 1 0.63 [M-N] 50 Other professional, scientific and technical activities; veterinary activities
1 1 1 [M-N] 51 Rentl and leasing activities
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1 [M-N] 52 Employment activities
0.84 [M-N] 53 Travel agency, tour operator reservation service and related activities
Security and investigation activities; services to buildings and landscape iestiffice administrative, office
1 1 0.52 [M-N] 54 support and other business support activities
0.80 0.80 0.80 [O-Q] 55 Public administration and defence; compulsory social security
0.80 0.80 0.80 [O-Q] 56 Educatiori
0.59 0.56 0.56 [O-Q] 57 Human health activities
0.76 0.56 0.56 [O-Q] 58 Sociawork activities
Creative, arts and entertainment activities; libraries, archives, museums and other cultural activities; gambl
0.39 0.39 0.39 [RT] 59 betting activities
0.39 0.39 0.39 [RT] 60 Sports activities andrausement andecreation activities
0.40 0.40 0.40 [RT] 61 Activities of membership organisations
1 0.84 0.40 [RT] 62 Repair of computers and personal and household goods
0.40 0.40 0.40 [RT] 63 Other personal service activities
Activities of households as employers; undifferentiated goatsd servicegproducing activities of households f¢
1 1 0.92 [RT] 64 own use

Note: shown are closures (1: open, 0: fully closed) of all economic séctpercentage compared to peandemic level of productionnder scenarid@ assuming weak stringency
of nonpharmaceutical interventions and/dittle selfpr ot ect i ve b e havi o064),maximum dpare emergency fospitabcapadftydhe treatment of COVIEL9
patientsis 18,000 bedghe two monthsdenote periods of fixed economic configurations required under scenario B; theatdusectoris open at 80% prpandemic production
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Figure S1 Note: Scenario A maximizes GDP via successimeathly opening and closing of 63 sectors ovepanonths intervention period, subgt to epidemiological and economic
constraints; any economic sector including the educatioct@emay be closed down to 80% of observed closure dutiagockdown period March- May 2020 but not lower to
sustain essential services; model fitted to Estghospitalization data frorB0th Marchto 30th June 2020

Panel S1Ahows projected daily infection incidence and daily hospital occupancy between January 2020 and Februafye2@i2ée grey horizontal lines display alternative
assumptions on maximumergency hospital capacity for the treatment of CO¥®patients. Hee, hospital capacity is constrained at 12,000 beddi(E from below);

Panel S1B illustrates the economic configuratiomgbinthly sector openings) associated with Scenario A @B¥mization. PRE is ppandemic period, LD the lockdown period
March —May 2020 in the UK, plotted for comparison based on data for closures of Hejledrsector categories; Period2lis Septembefctober 2020, period-3 is November
December 2020period 56 is JanuarfFebruary 2021; sectors are listed on the vetiaxis, and months on the horizontal axis. Openings vary between fully open-pargtemic
(yellow, 1) to closed (blue, 80% of values observed during the lockdown period), with bppersings for each month over the intervention periSdptember2020 © February
2021 indicated
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Figure S2 Note: Scenario A maximizes GDP via successimathly opening and oking of 63 sectorsver asixmonths intervention period, subject to epidemiological and economic
constraints; any economic sector including the education sector may be closed down to 80% of observed closutkedadikdown period March- May 2020 butnot lower to
sustainessential services; model fitted to English hospitalization data £#0th Marchto 30th June 2020

Panel S2Ahows projected daily infection incidence and daily hospital occupancy between January 2020 and Februafye2@i2ée grey horizontal linesdisplay alternative
assumptions on maximum emergency hospital capacity for the treatment of CTatients. Here, hospital capacity is constrained at 24,000 bédagfrom below);

Panel S2B illustrates the economic cgufation (bimonthly secte openings) associated with Scenario A GDP maximization. PREp@ngemic period, LD the lockdown period
March—May 2020 in the UK, plotted for comparison based on data for closures of Helredrsector categories; Peridd2 is Septembefctober2020, period 3 is November
December 2020, period-6 is JanuarfFebruary 2021; sectors are listed on the vertical axis, and months on the horizontal axis. Openings vary between fuslyegEandemic
(yellow, 1) to closed (be, 80% of values obsemyaluring the lockdown period), with optimal openings for each month over the intervention p&épdember2020 to February
2021 indicated.
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Figure S3 Note: Scenario B optimizes GDP via successieathly opening and closing of 63 sectors oveianonths intervention period, subject to epidemiological and economic
constraints; any economic sector except for the education sector may bedctimvn to 80% of observed closure durihg lockdown periodMarch—May 2020 but not lower to
sustain essential services; the education sector is constrained to stay open at or above 80%asfdmic production levels; model fitted to hospitalizatidata for England from
20th Marchto 30th June 2020

Panel SA shows projected daily infection incidence and daily hospital occupancy between January 2020 and Februafye2@i2ée grey horizontal lines display alternative
assumptions on hospital capacity. Here, hospital capacity is constrainé0@i0lbeds 1% line from below);

Panel S3B illustrates the economic configuratiomfli nt hl y sect or openi ng £ducatosospoecni’ at epiRd@mictshriodSidedse makdown périod
March—May 2020 in the UK, plotted for comparison baseddata for closures of highdevel sector categories; Period2lis SeptembeOctober 2020, period-8 is November
December 2020, period-6 is JanuarnFebruary 2021; sectors are listed on the vertical axis, and months on the horizontal axis. Opanithgsween fully open as prpandemic
(yellow, 1) to closed (blue, 80% of values observed during the lockdown period), with optimal openings for each monta mtersntion periodSeptember2020 to February
2021 indicated.
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Figure S4 Note: Scenario B optimizes GDP via successivathiy opening and closing of 63 sectors ovebanonths intervention period, sybct to epidemiological asheconomic
constraints; any economic sector except for the education sector may be closed down to 80% of observed closutkedagkdown period Marck May 2020 but not lower to
sustain essential services; the education se¢gaconstrained to staypen at or above 80% of pqgandemic production levels; model fitted to hospitalization data for England from
20th Marchto 30th June 2020

Panel S4&hows projected daily infection incidence and daily hospital occupancy between January 2020 and Fa2liafye three grey horizontal lines display alternative
assumptions on hospital capacity. Here, hospital capacity is constrair25080 beds 3¢ line from below);

Panel S4B illustrates the economic configuratioanfbinthly sector openings) assoti®@ d wi t h e8Sucationap ¢ ' .B Paddemic geriod, L@ the lockdown period
March—May 2020 in the UK, plotted for comparison baseddata for closures of highdevel sector categories; Period2lis SeptembeOctober 2020, period-8 isNovember
December 2020, period-6 is JanuarnFebruary 2021; sectors are listed on the vertical axis, and months on the horizontal axis. Openihgsweeyn fully open as prpandemic
(yellow, 1) to closed (blue, 80% of values observed during the leakgeriod), with optimal openings for each month over the intervention peSegptember2020 to February
2021 indicated
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groups (red) and the edwtion sector only (black) are varied; the figure demonstrates thath of theuncertaintyin projected occupancy arises from varatiin the community

and education sectors
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Figure S6A: Overflow of hospital capacity under Scenario A (GDP maximization) Figure S6B: under Scenario B (education open)

Figure S6Sensitivity analyses on proportionf workersworking from home

Figue Senote: shown are fitted and projected hospital occupancy wiiee proportion of workers working from home is deasedin 2% steps frorour baseline assumption of the
work-from-home proportions observed during the lockdown period Mardiday 2020 (blak) to 20%fewerworkers workingfrom-home (red),

Variations for Scenario A (GDP maximization) and B (education open), maximurarspagency hospitatapacityis set at 18,000 bedorizontal grey line)
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Figure 8 Note: Scenario Bptimizes GDP via successiwenthly opening and closing of 63 sectors over arsbnths intervention period, subject to epidemiological and economic
constraintsihis is in contract to the baseline scenario wher&pnonthly (i.e. everytwo months)opening and closing of 63 sectors over amsianths intervention period is allowed;
any economic sector except for the education sector may be closed down to 80% of observed closuriaelookgiown period March-May 2020 but not lower to sustain essential
services; the education sector is constrained to stay open at or above 80%-papdemic production levels; model fitted to hospitalization data for England #6th Marchto
30th June2020

Panel 8A shows projected daily infection incidence and gdilospital occupancy between January 2020 and February 20R1three grey horizontal lines display alternative
assumptions on hospital capacity. Heeepergency sparbospital capacitysi constrained at 8,000 beds ™ line from below);

Panel 8B illugrates the economic configuratiofmonthly sectoropeningd s soci at ed wi t h Scenar ipanddnicperiaduLd the lockaown pepoel March P RE
—May 2020 in the UK, plotted for comparison based on data for closures of Hejredrsetor categories; Periogll to 6 arethe monthsSeptember2020 to February 2021; sectors

are listed on the vertical axis, and months on the horizontal axis. Openings vary between fully opempasdamic (yellow, 1) to closed (blue, 80% of values obselueidg the
lockdown period), with optimal openings for eacionth over the intervention perio&eptember2020 to February 2021 indicated.

DOI: https://doi.org/10.2556183928 Page50 of 55



16 November 2020 Imperial College COVID-19 response team

4
10
- T T T T T T T T T T T T I 1
; | | I | | |
E-PRE LD r1|2|3|4|516- 0.8
| | | | I |
5 | FEEERH EENEY ISUIE RSl IR EREki 0.8
! | | I | I |
| | I | I |
0.7
6k R
A RS IESOEEN ERIEERY RSN S 0.6
=5 e N R R
a — | | | | | | 2
E ||-== 1 FEEH N FE Y RN Ry o 05
= Hosp. occ. i 0
Z 4 . Lol |
| | | 1 0.4
3r | | | | | |
i |50 21 0.3
| If-‘ | I 1 T 1 Lo nz
- I \ | B Logidicig 1} .
o I‘ ™ ISRREL B575 FERFH SEREY SRR R 0.1
. i . = | e BN I |
0 | 1 i i ) = T 1 1 1 0
Jan Feb Mar Apr May Jun Jul Aug Sep Oct Mov Dec Jan Feb Period
Time
Panel S7A: Fitted and projected incidence and hospital occupancy Panel S7B: Economic configuration acrossag@®emic sectors
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Figure 3 Note: Scenario B optimizes GDP via succebsiv®nthly opening and closing of 63 sectors over arsonths intervention period, subject to epidemiological and economic
constraints; any economic sector except for the education sector may be closed da®@%4 of observed closure during the lockdown pefidarch— May 2020 but not lower to

sustain essential services; the education sector is constrained to stay open at or above 80%arfdemic production levels; moded-fitted to hospitalization datadr England

from 20th March to 30th June 202Bsumng children under 16 years of age have 38%6 susceptibility to infection than aduff®=2.72f i t t ed d&=sG.uénE therdft 0. 75)
to the initial epdemicresults in the findinghat there wasmore transmission between adultan childrencompared to the assumption of equal susceptibilithis implies that

school closures have less impacttransmission dynamics for the projections. In orttesuccessfully mitigate the pandéorand stay within the constrainteconomic sectors need

to close more stricthcompared to an equal susceptibility scenario. We find @hletiough sectors need toase more stringentlythe samesectorsare recommended for closure
Projected @gregateGDFs £851bn lower than under the assumption of equal susceptibi{883bn)

Panel S6A shows projected daily infection incidence and daily hospital occupancy béavesmy 2020 and February 2021eTthree grey horizontal lines display alternative
assumptions on hospital capacity. Here, emergency spare hospital capacity is constrained at 18,00 tiad<rom below);

Panel S6B illustrates the economic confggiri on associ at ed wi t hass8ning ohiddren undeB16 yeard aesghavée 50% tess sugoeptibility to infecti®fiRE is
pre-pandemic period, LD is the lockdown period Mardiay 2020 in the UK, plotted for comparison based on datalfusures of highelevel sector categories; Periods 1 to 6 are
the months September 2@2to February 2021; sectors are listed on the vertical axis, and months on the horizontal axis. Openings vary between fadiyppandemic (yellow,

1) to closed (lue, 80% of values observed during the lockdown period), with optimal openings fomaamtn over the intervention period September 2020 to February 2021
indicated.
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