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Abstract

I study the socially optimal mix of onsite work and remote work. I develop a
general equilibrium model in which workers decide how much to work onsite and
work from home. Productivity spillovers can occur within and between onsite and
remote workers. The model predicts that the balance between onsite and remote
productivity spillover effects affects the gap between the socially optimal and the
market equilibrium level of onsite work. I measure these spillovers by matching
the model to U.S. survey data from 2022 to 2024 at the city-sector-work mode
level. I find that, on average, a social planner could improve welfare by 2% by
increasing hybrid workers’ share of onsite time by 3% and increasing the number
of fully onsite workers by 2%. This could be accomplished by offering a subsidy
for onsite work equal to 11% of hybrid workers’ gross income. Without the remote
productivity spillovers, a similar level of welfare improvement would require larger
changes: hybrid workers’ share of onsite time would need to increase by 5%, and
the number of fully onsite workers would need to increase by 3%. The subsidy
would cost 15% of hybrid workers’ gross income.
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1 Introduction

We have witnessed a substantial increase in working from home (WFH) due to the
COVID-19 pandemic. In 2024, the average worker in the U.S. spent around 28% of
workdays WFH, which is a 4-fold increase compared to the pre-pandemic level (around
7%) (Barrero et al. (2021)). The widespread adoption of WFH can be attributed to
workers’ appreciation of its flexibility (Barrero et al. (2021)) and improvements in remote
collaboration technology such as video conferencing. However, there are concerns that
less in-person interaction reduces productivity since the productivity spillover from phys-
ical proximity has been well-documented in the literature. Is the shift to WFH socially
optimal? One key to answering this question lies in whether new technologies generate
positive externalities among remote workers that might compensate for reduced exter-
nalities from in-person work. The stronger the remote productivity spillover, the more
likely it is that workers enjoy the amenity of working from home without reducing overall
productivity.

While the literature has separately studied productivity spillovers from in-person work
and the benefits of remote collaboration, these papers have not addressed the relative
strength of onsite and remote productivity spillovers and how these spillovers affect the
social optimum. This paper quantifies onsite and remote productivity spillovers, the gap
between the socially optimal and the market equilibrium level of onsite work, and the
optimal policies to achieve the social optimum.

I begin by documenting two empirical facts about onsite and remote work: first,
the extent of remote work varies by city and sector, and second, remote (onsite) workers’
residual wages are positively correlated with remote (onsite) employment size across cities
and sectors.

Motivated by the empirical pattern, I employ a Roy-Fréchet model in which workers
in each city choose a sector and one of three work modes (onsite, hybrid, fully WFH).
Hybrid workers choose their shares of time spent working onsite and WFH by comparing

the productivity and disutility of working onsite versus WFH. Productivity spillovers can



occur within and between groups of onsite labor and remote labor. Similar to previous
work (Davis et al. (2024)), an onsite (remote) worker will be more productive when there
are more onsite (remote) workers and hybrid workers spend more time working onsite
(WFH). In contrast to previous work, the model allows cross-worksite spillovers: more
onsite labor can increase a remote worker’s productivity, and vice versa.

The cross-worksite spillover parameter governs how much cross-worksite labor con-
tributes to productivity relative to within-worksite labor. Work arrangements between
onsite and remote do not affect aggregate productivity when cross-worksite and within-
worksite productivity spillovers are symmetric. Otherwise, I measure the effect of work
arrangements on productivity at the extensive and intensive margins. The extensive mar-
gin is measured by the elasticity of onsite (remote) productivity with respect to the total
labor contributing to it, which I refer to as the onsite (remote) agglomeration elasticity.
The intensive margin is measured by the elasticity of onsite (remote) productivity with
respect to hybrid workers’ share of onsite (remote) time in each city-sector cell, which I
refer to as the onsite (remote) time elasticity. A larger gap between onsite and remote
time elasticities leads to a larger gap between the social optimum and the market equi-
librium for hybrid workers’ onsite share. I'm not aware of any literature that directly
investigates this intensive margin of productivity spillover.

I match the model to the U.S. 2022-2024 Current Population Survey (CPS) and the
2022 American Community Surveys (ACS) data for estimation and quantification. From
the CPS data, I obtain average employment, residual wages, and the share of time spent
working onsite at the core-based statistical area (CBSA), industry, and work mode levels.
From the ACS data, I calculate the average commuting time by city, which is used to
measure onsite disutility. I use these observable variables to recover the model shifters
and structurally estimate the agglomeration elasticities and the cross-worksite spillover.

Inspired by Ahlfeldt et al. (2015) and Farrokhi (2021), the estimation applies the
generalized method of moments (GMM) and uses model shifters to construct moment
conditions. The estimation process consists of an inner loop and an outer loop. In the

inner loop, given the values of parameters and observed data, I obtain labor supply and



demand shifters and WFH disutility using the model inversion method (Redding and
Rossi-Hansberg (2017)). In the outer loop, I obtain the estimates that minimize the sum
of squared errors of the moments. The moment conditions are similar to identification
assumptions in instrumental variable (IV) regressions. They jointly identify parameters,
but each is more closely related to a specific parameter. The identification assumption for
remote agglomeration elasticity is that the remote labor supply shifter (which resembles
an IV for remote labor) is uncorrelated with the exogenous remote labor demand shifter.
The identification assumption for cross-worksite spillover is that the relative onsite disu-
tility (which resembles an IV for the share of time spent working onsite) is uncorrelated
with the exogenous relative onsite productivity.

The estimated onsite agglomeration elasticity is larger than the remote one, indicating
a stronger onsite productivity externality at the extensive margin. The cross-worksite
spillover is small, implying a notable efficiency loss for the productivity spillover between
onsite and remote work. Based on these three estimates and the share of hybrid workers’
onsite (remote) time in total labor across city-sector cells, I calculate the onsite (remote)
time elasticities.

I then measure the gap between the social optimum and the market outcome and
calculate the subsidies required to achieve the social optimum. The subsidies incentivize
hybrid workers to adjust their shares of time spent working onsite to achieve the socially
optimal levels of onsite time and employment composition through spillover and labor
mobility effects.

The main findings are that, on average, the social optimum favors more onsite work,
but the existence of remote productivity spillovers means that the market equilibrium is
closer to the socially optimal level of onsite work than in a case with no remote spillovers.
On average, a social planner could improve welfare by 2% by increasing hybrid workers’
share of onsite time by 3% and increasing the number of fully onsite workers by 2%. This
could be accomplished by levying an income tax and offering a subsidy to onsite work
equal to 11% of hybrid workers’ gross income. Without remote productivity spillovers, a

similar level of welfare improvement would require larger changes: hybrid workers’ share



of onsite time would need to increase by 5%, and the number of fully onsite workers would
need to increase by 3%. Achieving this outcome would require a higher subsidy—15% of
hybrid workers’ gross income when funded by an income tax.

Hybrid workers’ time allocation between onsite and remote work, and the welfare
losses resulting from it, depends on the strength of productivity spillovers and the amenity
values of each option. Because these factors vary across cities and sectors, so does the
departure of the market equilibrium from the social optimum. The social optimum tends
to have less onsite time for hybrid workers than the market equilibrium in city-sector
cells where (1) the intensive onsite productivity spillover (measured by the onsite time
elasticity) is weaker than the remote one, and (2) commuting costs are higher than the
WFH disutility. The gap between the socially optimal and the market equilibrium level
of hybrid workers’ onsite share tends to widen as the gap between onsite and remote
time elasticities increases. The socially optimal employment allocation features a shift
from initially high-income to low-income sectors and results in a reduction of the sectoral
income premium for the three work modes.

This paper relates to four strands of literature. The first strand of literature empiri-
cally studies how remote work affects productivity spillovers. Some researchers document
the negative effect of WFH on onsite productivity spillovers: Frakes and Wasserman
(2021) and Emanuel et al. (2022) show that increased WFH reduces knowledge shar-
ing at the individual level using citation patterns and online feedback data, respectively.
Liu and Su (2022) show that more WFH reduces the urban agglomeration effect and
urban wage premium. Other researchers document the benefits of remote collaboration
at the firm (Forman and Van Zeebroeck (2012) and Forman and van Zeebroeck (2019)),
institution (Presidente and Frey (2023)), and team levels (Brucks and Levav (2022)).

The second strand of literature uses structural models to study the effect of remote
work. Researchers make different assumptions about productivity spillover effects. Some
studies assume that remote work does not contribute to productivity spillovers (Safirova
(2002); Rhee (2008); Behrens et al. (2021); Delventhal et al. (2022); Monte et al. (2023)),

while others consider the possibility that remote work generates productivity spillovers



(Lennox (2020), Davis et al. (2024), Delventhal and Parkhomenko (2023)). The model in
this paper features endogenous time allocation and imperfect substitution between work-
ing onsite and WFH as in Delventhal and Parkhomenko (2023) and Davis et al. (2024).
This paper complements the existing literature by modeling and measuring productivity
spillovers within and across onsite and remote work. Additionally, I use post-pandemic
data to study the socially optimal level of onsite work, whereas previous studies match
pre-pandemic data with their models to predict the effects of the WFH shock and use
post-pandemic data to verify those model predictions.

Third, this paper relates to the literature studying WFH policies. Safirova (2002)
examines the subsidies and taxes required to achieve the socially optimal land allocation
in a city with remote workers. Bertram et al. (2024) use a principal-agent model to
study the optimal level of remote work and the related incentive scheme in a firm. Ding
and Ma (2023) and Flynn et al. (2024) document firms’ return-to-office policies. This
paper considers socially optimal policies and quantifies city-sector-specific subsidies that
incentivize hybrid workers to adjust their onsite work time.

Finally, this paper is related to the literature that studies the socially optimal alloca-
tion. in the presence of productivity spillovers across workers (Fajgelbaum and Gaubert
(2020); Rossi-Hansberg et al. (2019)). In these studies, market equilibrium deviates from
social optimum in terms of employment. This paper shows that the market equilibrium
may also deviate from the social optimum in terms of work time allocation between
working onsite and WFH.

The structure of the paper is as follows. Section 2 discusses empirical facts about
onsite and remote work. Section 3 presents a basic theoretical model with homogeneous
workers. Section 4 presents the full model with variations in cities, sectors, and work
modes. Section 5 describes the data and explains the structural estimation of the pa-
rameters. Section 6 analyzes the quantification results for the gap between the market

outcome and the social optimum and the socially optimal subsidies. Section 7 concludes.



2 Empirical Patterns of Working From Home

This section documents the increase in WFH, the variations of remote work across cities
and sectors, the evidence suggesting remote externalities, and the residential and work-
place patterns of onsite and remote workers.

The COVID-19 pandemic has caused a significant shift to WFH in the US. according
to Barrero et al. (2023), the average share of full paid days WFH gradually increased
from around 3% in 2003 to 7.2 % in 2019. After the pandemic, the average days WFH

have persisted at around 30 % from 2022 to 2024 (see Figure 16 in the appendix).
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Figure 1: Increased Hybrid and Fully Working from Home Workers

Note: Data source is Current Population Survey (CPS) work schedule supplement at 1997, 2001, and
2004 May and basic monthly survey from 2022 October to 2024 December. The samples are labor
forces excluding self-employed, armed forces, and unpaid family workers. The employment share of
onsite, hybrid, or fully WFH workers by city-sector is the percentage of these workers relative to total
employment in a city-sector cell.

The increase in WFH also appears at the city-sector level in the margins of employ-
ment share (Figure 1) and work time (Figure 2). Figure 1(a) compares the distribution
of the share of onsite, hybrid, and fully WFH workers at the city-sector level before and
after the WFH shock. It shows that the shares of hybrid and fully WFH workers increase
in the first three quantiles of the distribution. The median of onsite shares drops from
around 90 % in 1997, 2001, and 2004 to around 70 % in 2022 to 2024. Figure 1(b)
compares the city averages of onsite, hybrid, and fully WFH shares in 13 sectors before

and after the WFH shock. Across all sectors, the average shares of hybrid and fully



WFH shares increase, and the onsite shares decrease. In summary, Figure 1 displays an
increase in hybrid and fully WFH workers across cities and sectors. Figure 2(a) shows
the increase in hybrid workers’ share of time spent WFH across city-sector for the first
three quantiles. Figure 2(b) shows that across all sectors, the city average of the share of

time spent WFH for hybrid workers increases.
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Figure 2: Hybrid Workers Spend More Time Working from Home

Note: Data source is CPS work schedule supplement at 1997, 2001, and 2004 May and basic monthly
survey from 2022 October to 2024 December. The samples are labor forces excluding self-employed,
armed forces, and unpaid family workers. The share of time spent WFH is calculated as the number of
hours WFH divided by the total number of hours worked in a week.

Focusing on the measures after the WFH shock, the level of remote work varies across
cities and sectors. Figures 1(b) and 2(b) demonstrate the sectoral variations in remote
work after the WFH shock. Based on the average across cities, information and financial
activities have over 20% hybrid or fully WFH workers, while agriculture and hospitality
have less than 10%. Hybrid workers in the information and financial activities sectors
spend nearly 50% of their work time WFH, whereas those in mining spend around 30% of
their work time WFH. Figure 3 shows the cumulative distribution of remote employment
or work time shares by sector across cities. Different curves show the variations in remote
work levels across sectors. Each curve in Figure 3(a) shows that within a sector, fully
WFH and hybrid employment shares vary across cities. Figure 3(b) shows that within

each sector, hybrid workers” WFH time varies across cities.
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Figure 3: Variations of Remote Employment and WFH Time Across Cities and Sectors

Note: Data source is CPS basic monthly survey from 2022 October to 2024 December. The samples are
labor forces excluding self-employed, armed forces, and unpaid family workers.

With the rise of WFH, the methods of knowledge sharing have shifted from relying
primarily on in-person meetings to an increasing use of virtual interactions thanks to
the widely adoption of video conferencing. Telecommunication technology facilitates
knowledge sharing among remote workers and between onsite and remote workers. Figure
(4) shows that a higher number of onsite, hybrid, or fully WFH workers is associated with
higher average residual wages for these worker groups across city-sector cells. The positive
correlation suggests that productivity externalities exist not only among onsite workers

but also among remote workers.
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Figure 4: Onsite and Remote Productivity Externalities at the City-Sector Level
Note: Data source is CPS basic monthly survey from 2022 October to 2024 December. The samples are
labor forces excluding self-employed, armed forces, and unpaid family workers. The figures are binned
scatterplots of residual wages against employment with the city fixed effect. Appendix H describes the
method for obtaining residual wages.



Figure 4 implies the presence of onsite and remote productivity spillover within cities.
The onsite agglomeration effect within a city has been well documented. One may wonder
to what extent the remote productivity externality within cities align with real-world
practice, given that WFH provides feasibility in terms of work location. Table 1 reveals
that nearly 90% of onsite workers and 98% of home-based workers live and work in the
same CBSA, both before and after the WFH shock. Additionally, Table 5 in the appendix
shows that over 80% of onsite and home-based workers do not move across CBSAs in the
short term. These empirical facts suggest local workforce stability, which may stem from
two factors: first, the prevalence of onsite and hybrid work arrangements that encourage
workers to live within commuting distance, and second, the influence of agglomeration
effects on fully WFH workers. For example, remote workers live in the workplace cities to
maintain professional connections within their local sector. This local workforce stability
for remote workers contributes to the observed remote productivity externality at the
CBSA-sector level.

Motivated by these empirical facts, I build a model incorporating onsite and remote
productivity externalities. I begin with a basic model that focuses on implications of
the productivity spillover pattern within one city with homogenous workers. In the full

model, I introduce the variations by city, sector, and work mode.

Table 1: Most Onsite and Home-based Workers Live and Work in the Same CBSA

2018-2019 2021-2023
on-site worker home-based worker ‘ on-site worker home-based worker
Work and live in the same CBSA (%) 88.55 97.83 87.96 98.21
Work and live in different CBSA (%) 11.45 2.17 12.04 1.79
N (unweighted) 2,644,257 | 4,016,093

Note: Data source is American Community Survey (ACS). Samples are wage workers excluding unpaid
family workers and military workers. Each observation’s residence or workplace (PUMA or PWPUMA)
is matched to one CBSA with the largest population share. 5.94 % of the samples cannot be classified
as either home-based or onsite workers due to nonresponse regarding their commuting mode.
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3 The Basic Model

3.1 The Market Outcome

3.1.1 Preference and Production

Consider a city with L homogenous workers. Each worker chooses the share of time
spent working onsite and consumes tradable goods and housing. The utility function of

a worker 1is:
Caﬁlfa

~ gd(0)

where ¢ and h are the quantity of tradable goods and housing, respectively. The constant

U

(1)

¢ =a*(1—a)l=®. 6 € [0,1] is the share of time spent working onsite. With total work
time normalized to 1, the remaining portion, 1 — #, represents the share of time spent
WEFH.
The disutility d(f) is a weighted average of disutility for onsite work (¢°)! and amenity
costs of WFH (¢)*:
d(0) =0+ (1 —0)C. (2)

The derivative of disutility with respect to the share of time spent working onsite is:

d'(0) =¢°—¢. (3)

When onsite disutility equals WFH amenity costs, total disutility is a constant. When
onsite disutility is greater than WFH amenity cost (¢° > (), total disutility increases
with the share of time spent working onsite; conversely, when onsite disutility is less than
WFH amenity cost, total disutility decreases with the share of time spent working onsite.

The budget constraint of the worker is Pc+qgh = 1(), where P is the price of tradable
goods, ¢ denotes the housing price, and I(f) refers to income. Income combines wages

(W(0)) and returns from returns to land (R). Assuming the ratio of land returns to wages

I In the full model, I use commuting costs to measure onsite disutility.
2 This function form follows Delventhal and Parkhomenko (2023). It leads to a concise and intuitive
solution of # in market equilibrium (7).
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is r = R/W(#), then workers’” income can be expressed as [(#) = (1+7)W(0). A worker’s
total wage is the unit wage multiplied by the efficiency unit of labor: W (#) = w¢(6). The
efficiency unit of labor ¢(f) is determined by the share of time spent working onsite,

remote productivity, and onsite productivity:

p—1 p—1l. p_

((0) = [(A(L =0)) » + (BO) 7 |71, (4)
where remote productivity (A) and onsite productivity (B) are given constants from
workers’ perspective. p denotes the elasticity of substitution of WFH and working onsite.

Given the share of time spent working onsite, the indirect utility function is:

(1 4+r)W()
" d P @

Workers face trade-offs between onsite-WFH amenities and onsite-remote productivity
when deciding the share of time spent working onsite. Spending more time working
onsite means (1) experiencing more disutility from onsite work but less amenity cost
from WFH, and (2) relying more on onsite productivity and less on remote productivity
to produce outputs and earn wages. Maximizing the indirect utility with respect to 6

yields the first-order condition that characterizes the share of time spent working onsite

-G e

Equation (6) indicates that the relative onsite share increases with relative onsite produc-

chosen by workers 3:

tivity and relative onsite amenity (inverse of onsite disutility). Rearranging this equation

gives the solution for the share of time spent working onsite:

1
R — . 7
L+ (Z)e(g) g

The production function of tradable goods is Y = ¢(0)L, where L is the number of

workers. By profit maximization, wage is W () = P{(f). The price of tradable goods P

3 Appendix B shows the derivation process.
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is normalized to 1.
The construction firm uses land and tradable goods to produce housing. Assume the

production function for the housing sector is
H=K'H"", (8)

where K is the tradable goods used for producing housing. H is land used. « is the
share of tradable goods used in producing housing. The housing supply elasticity is 1%7,
thus v = 0 suggests a perfectly inelastic housing supply; 7 = 1 corresponds to a perfectly
elastic housing supply.

The profit maximization problem of the housing production firm is max, g7 =
qK"H'™" — pK — rH, where r denotes the unit returns to land. Solving the problem

gives the total land returns: RL = rH = (1 —~)gH. Combining housing market clearing

(1—a)IL
.

(hL = H) and demand for housing (h = (1—a)1) gives the housing quantity H =

q

The returns to land becomes RL = (1 —a)(1 = v)IL = (1 —a)(1 —~)(W(0) + R)L. Re-

arranging this equation gives the ratio of rent to wages as © = m — 1. Therefore,
income can be expressed as [ = mW(Q)

By the profit maximization problem of the housing production firm, the demand for
tradable goods used to produce housing is K = 7%. Substituting the housing demand
11—«

H = - (A)L into this equation, K can be expressed as a function of income: K =

v(1—a) #. Combining this equation with housing market clearing, demand for housing,

- : S : : (1—a)1@L\' 7 v
and the housing production function yields the housing price as ¢ = ( T) (—) .
3.1.2 The Extensive Margins of Onsite and Remote Externalities

The aggregate remote productivity increase in the total remote labor and the contribution

from onsite labor:

A=a[(l1—6)L+roL]". (9)

The aggregate onsite productivity increase in the total onsite labor and the contribution

from remote labor:

B=0bl0L+7(1—-0)L] (10)
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a, b are exogenous remote and onsite productivity, respectively. A and \ are elasticities of
remote and onsite productivity with respect to aggregate labor, respectively. They govern
the strength of the extensive margin of remote and onsite productivity externalities. If
At = 0, remote productivity is exogenous.*

7 € [0, 1] denotes cross-worksite spillover. 7 = 0 means no cross-worksite spillover.
Remote work only contributes to remote productivity and onsite labor only contributes
to onsite productivity.® 7 > 0 indicates the presence of productivity spillover between
onsite and remote workers.

7 = 1 means no efficiency loss in cross-worksite spillover. Onsite labor contributes to
remote productivity in the same way as remote labor, and remote labor contributes to
onsite productivity in the same way as onsite labor. In this case, aggregate productivity
becomes A = alL*" and B = bL*, which is irrelevant to the allocation of time between
onsite work or WFH.

7 € (0,1) implies an efficiency loss in cross-worksite spillover. The contribution
of onsite labor to remote productivity is smaller than that of remote labor, and the
contribution of remote labor to onsite productivity is smaller than that of onsite labor.
This may occur due to information friction during telecommunication.5

If all workers work onsite, the efficient labor unit is only determined by onsite pro-

ductivity (0 = 1,4( = 1) = B = bL*).

4 The scenario where A = 0 and 7 is either 0 or 1 is similar to the model in Delventhal and
Parkhomenko (2023).

® Davis et al. (2024)’s model considers this separation of productivity spillover.

6 Imagine an onsite speech that is broadcast live on the Internet. Both onsite and remote audiences
can ask the speakers questions. When online audiences ask questions, the speaker relies on the Internet
to receive the questions in text, video, or audio form, but the communication between onsite speakers
and onsite audiences does not have such a constraint. As a result, remote labor contributes less to
onsite productivity than onsite labor. For remote productivity, remote audiences may lose the sound
from the speakers or onsite discussion if there are technical issues with the microphone. On the other
hand, remote audiences may discuss the speech in the chat box, which is more manageable compared
to a discussion between remote audiences and onsite people because remote audiences use the same
form of communication. Because communication between remote audiences is smoother than receiving
information from onsite people, onsite labor contributes less to remote productivity than remote labor.
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3.1.3 The Share of Time Spent Working Onsite in Market Equilibrium

Relative Onsite Productivity
B
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Figure 5: Share of Time Spent Working Onsite and Relative Onsite Productivity

This section discusses how the share of time spent working onsite (#) is determined in the
market equilibrium. Equation (7) shows that workers choose the share of time working
onsite based on relative onsite productivity and it characterizes the supply side of the

onsite time:
B 1

iU TS ST

Equations (9) and (10) imply that the relative onsite productivity is a function of the

share of time spent working onsite:

B _ £(60) = b(r(1 —0)L + 6L)> _ blr(1—0)+ 6 JA-AE
A al(1 —0)L + 0L al(1 —0) + 7]
This equation characterizes the relative demand curve of the onsite time. If cross-worksite
spillover 7 € [0, 1), the relative onsite productivity increases with the share of time spent
working onsite and the relative demand curve is upward sloping. If cross-worksite spillover
7 = 1, the relative demand curve is irrelevant with the value of 8 and becomes a horizontal
line.

The share of time spent working onsite and relative onsite productivity are simulta-
neously determined. The intersection of the relative demand and supply curve for onsite

time pins down the market outcome of € as shown in Figure 5.
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3.2 The Socially Optimal Share of Time Spent Working Onsite

3.2.1 The First Order Condition and the Intensive Margins of Productivity

Externalities

In contrast to market equilibrium, a social planner will internalize the productivity ex-
ternalities when choosing the share of time spent working onsite. Appendix C shows the
process of solving the social planner problem. The first-order condition characterizing

the socially optimal share of time spent working onsite is

onsite productivity externality

f (B(@))”l[§+ a0 (4 (5 41)-1)7°

¢t do) (9% +y-nl’

(11)

¥
~—

composite of  housing rdemc;‘.ce' i
disutility =~ congestion procuctivity
externality

where A(0) = a((1 — 0)L + 70L)*", B(#) = b(AL + 7(1 — O)L)*. 7 = a + (1 — a).
d(0) = 6¢° + (1 — O)C.

§ and 6% denote the intensive margin of onsite and remote productivity externalities,

respectively:
_ 0B(9)/B(0) oL
== T aoor (12)

o(1—-06)/(1—0) (1—-6)L+76L
0 refers to the elasticity of onsite productivity with respect to the share of time spent
working onsite. 7 refers to the elasticity of remote productivity with respect to the
share of time spent WFH. The onsite time elasticity (J) equals the onsite agglomeration
elasticity (A) multiplied by the cross-worksite efficiency loss (1 — 7) and the share of

0L )

onsite labor in aggregate labor that contributes to the onsite productivity (m

Similarly, the remote time elasticity (6%) equals the remote agglomeration elasticity (AF)

multiplied by the cross-worksite efficiency loss (1 — 7) and the share of remote labor in

1-0)L
(1-9) )

aggregate labor that contributes to the remote productivity (m

Note that the onsite (remote) time elasticity may differ from extensive margin of onsite
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(remote) productivity externality (§ < X, 6% < Af). When productivity spillover exists
between onsite and remote workers and efficiency losses for onsite-remote interaction (7 €
(0,1)), the onsite (remote) time elasticity is smaller than the extensive margin of onsite
(remote) productivity externality. In contrast, when there is no cross-worksite spillover
(1 = 0), the onsite (remote) time elasticity equals the extensive margin of onsite (remote)
productivity externality in this basic model with homogenous workers. In the model
where not all workers have the flexibility to choose working onsite or WFH, the absence of
cross-worksite spillover does not lead to the equivalence of intensive and extensive margins
of onsite (remote) productivity externality.” When cross-worksite spillover incurs no
efficiency loss (7 = 1), the intensive margin of onsite and remote productivity externalities

are absent.
3.2.2 Sources of Externalities

The first-order condition for the socially optimal share of time spent working onsite
(equation (11)) is different from the market equilibrium due to the existence of external-
ities. This section explains why these externalities exist and under what conditions they
disappear.

Recall that in market equilibrium, the share of time spent working onsite is only deter-
mined by relative onsite productivity and relative onsite amenity (% = (%) o (é) p).
Equation (11) shows three types of externalities that are not internalized in the market
equilibrium: productivity externalities including onsite and remote productivity exter-
nalities (4, 6%), housing congestion (7), and the composite of onsite and WFH disutility
(d(9)).

For the productivity externalities, more onsite work or remote work lead to higher
onsite or remote productivity. However, when workers allocate their time working onsite
or WFH, they do not internalize that individual choices of labor deliver mode affect the

aggregate productivity and take the onsite and remote productivity as constants. As a

7 In the basic model, where all workers have the autonomy to determine whether to work onsite or
WFH, T = 0 simplifies the onsite and remote labor shares to unity, thereby rendering the intensive and
extensive margin elasticities identical. However, in a model with multi-mode workers, the condition 7 = 0
does not simplify the labor shares to 1, and thus the intensive and extensive margin of the productivity
externalities may differ.
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result, the share of time spent working onsite in market equilibrium deviates from the
social optimum, resulting in a gap between market equilibrium and the social optimum
in terms of efficiency labor units and total productivity. In this basic model with fixed
total employment, when cross-worksite spillover incurs efficiency loss (7 € [0,1)), the
increase in share of time spent working onsite leads to a rise in the onsite productivity
externality, along with decreases in the sharing of time spent WFH and the remote
productivity externality. In other words, there is a trade-off between these two positive
externalities because of total employment, working time constraints, and efficiency loss
from onsite-remote collaboration. When the extensive margin of onsite and productivity
externalities are absent (A = A = 0) or no efficiency loss in cross-worksite spillover
(1 = 1), the intensive margin of onsite and remote productivity externalities do not exist
(6 =6%=0).

Regarding housing congestion, workers take housing prices as given when making
choices on the share of time spent working onsite. However, housing prices correlate with
the share of time spent working onsite when the housing supply is not perfectly elastic
(v # 1). This correlation is because the share of time spent WFH affects the efficiency
units of labor. An increasing efficiency unit of labor implies a rise in income and thus
a higher demand for housing, which leads to increasing housing prices. The housing
congestion is absent if the housing supply is perfectly elastic (when v = 1, =1.) or the
consumption share of housing is extremely low (when 1 —a — 0, ¥ — 1.).

The externality from the composite of disutility appears due to the optimum-market
disparity created by productivity externalities and housing congestion. Specifically, in the
presence of these two externalities, the social planner may choose a share of time spent
working onsite that is different from the market equilibrium, which can result in a different
composite of disutility in the social optimum compared to the market equilibrium. The
externality from the composite of disutility is absent in two cases: (1) the productivity
externalities and housing congestion are absent (When § = 6 = 0 and 4 = 1, equation
(11) becomes the same as the first-order condition in market equilibrium (equation 6));

(2) onsite and remote disutlities are equivalent (when ¢° = ¢, d(f) = 1, which is irrelevant
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with ). In the absence of three types of externalities, equation (11) becomes the same

as equation (6), and market equilibrium coincides with the socially optimal allocation.
3.2.3 The Social Planner’s Trade-offs

This section discusses the social planner’s trade-offs. I start with the simplified case where
there are only productivity externalities and then the case where three externalities are
present. Finally, I derive the condition that the share of time spent working onsite in
the social optimum larger, smaller, or coincides the market equilibrium in the presence
of externalities.

If there are no externalities from housing congestion or the composite of onsite and

WFH disutility, equation (11) simplifies to ﬁ = (%)pl ( Cfig,%)p. The social planner
chooses the socially optimal share of time spent working onsite to maximize aggregate
productivity (¢(6)), which is equivalent to maximizing utility in this case. When the on-
site time elasticity is stronger than the remote time elasticity (6 > 6%), the social planner
maximizes the total productivity by choosing a higher onsite share than market equilib-
rium to utilize an increase in onsite productivity. Remote productivity will decrease, but
the magnitude will be less than the increase in onsite productivity. When the intensive
margin elasticity of onsite productivity equals the intensive margin elasticity of onsite
productivity (§ = §%), the socially optimal share of time spent working onsite coincides
with market equilibrium, which leads to the coincides of other optimal allocations and
the market outcome®. This is a special case where the market equilibrium coincide with
the social optimum when the strength of the two competing positive externalities are
equal. This represents a new scenario where market equilibrium and the social optimum
align, aside from cases where externalities are absent.

If all three externalities are present, the social planner balances the positive and
negative effects of the externalities to choose an optimal share of time spent working

onsite. For example, the social planner may choose a share of time spent working onsite

that leads to higher productivity compared to market equilibrium at the costs of (1)

8 When only productivity externalities exist, equating the simplified first-order condition for optimal
onsite share to the one in market equilibrium yields ij_'gR = C% There is no externality from disutility
composite when onsite disutility is the same as WFH disutility ((° = (); thus, the condition becomes

C(-:;; = 1. Simplifying this equation gives § = §.
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increased housing prices and (2) increased composite of disutility if onsite disutility is
larger than WFH amenity costs?. On the other hand, the social planner may choose a
share of time spent working onsite that leads to lower productivity compared to market
equilibrium with the gains from (1) decreased housing prices and (2) decreased composite
of disutility if onsite disutility is smaller than WFH amenity costs. The gains in reduced
disutility outweigh the decreased productivity cost, leading to higher social welfare.!’
To compare the share of time spent working onsite in market equilibrium and socially
optimal level in the presence of three externalities, I transform the first-order condition of

optimal share of time spent working onsite as (Appendix C shows the derivation process):

e () (Gorent) 1

where §4 and 0% are the elasticity of the disutility composite with respect to the share of

time spent working onsite and share of time spent WFH, respectively:

9d(0)/d®) _ (¢* = Q)¢

=500 ) (15)
_0d©)/d®) (= ¢)(1—0)
o = d1—6)/(1-6) ae) (16)

In equation (14), 4(d+1) — d4 incorporates the effect of changes in the share of time spent
working onsite on housing price, onsite productivity, and the composite of disutility.
(6% 4 1) — 6 incorporates the effect of changes in the share of time spent WFH on
housing price, remote productivity, and the composite of disutility.

Comparing equation (14) with the first-order condition in the market equilibrium

9 By the definition of the composite of onsite and WFH disutility %((f) > 0if ¢° > ¢.

10 Tpy the presence of disutility, the share of time spent working onsite chosen by the social planner does
not necessarily result in higher productivity. To see this, assume the composite of onsite and WFH disu-
tility does not vary by the share of time spent working onsite. Then, the first-order condition to determine

p= p
the socially optimal share of time spent working onsite is 1%90 = (%) ( %) . This equation is dif-

" .. " .0 B(e)”_l ¢+5 \*
ferent from the condition when only productivity externalities are present: 175 = A0 o1sF ) -

The socially optimal share of time spent working onsite balances the gains and costs and thus may not
increase productivity if the cost of increasing productivity is prohibitively expensive.
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(equation (6)) gives the following conditions:

gsoc — Hmkt o /;y/(é + 1) B 5d C

5 1
SER )= 0F ¢ "
F(O0+1) —dq ¢
gsoc Hmkt ’7( S 1
S TSGR —of T ¢ 1)
§5°¢ < gkt PN ’7(5 + 1) — 0d < £ (19)

F(ER+1) =5 ¢
where §°°¢ refers to the socially optimal share of time spent working onsite. ™% refers to
the share of time spent working onsite in the market equilibrium. Equation (17) gives the
condition for the market outcome to coincide with the social optimum in the presence
of externalities. Equation (18) implies that the social planner chooses a higher onsite
share than market equilibrium when the adjusted intensive margin of the relative onsite

productivity is larger than the relative onsite amenity (relative WFH disutility).
3.2.4 The Role of Productivity Externalities and Cross-worksite Spillover

This section explains how the extensive margins of onsite and remote productivity ex-
ternalities and cross-worksite spillover affect the sign and magnitude of the gap between
the social optimum and market equilibrium.

The gap of extensive margins of onsite and remote productivity externalities (A — A%)
affects the gap of intensive margins of onsite and remote productivity externalities (§—§%)
and, therefore, determines whether the socially optimal share of time spent working onsite
is larger or smaller than market equilibrium. Figure (6) shows the relation between the
optimum-market gap in the share of time spent working onsite and the gap between
onsite and remote productivity externalities at the extensive margin in the presence of

housing congestion and different scenarios of relative onsite amenity.
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relative onsite amenity & = 1 relative onsite amenity & = 1.25 relative onsite amenity & = 0.8
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(a) (b) (c)
Figure 6: The Gap Between Onsite-Remote Productivity Externalities Affects the Direction of
the Optimum-Market Gap

Note: The gap in the share of time spent working onsite between the social optimum and the market
outcome Af = % — 1 x (100%). Parameter values: v = 0.09,7 = 0.015, A = 0.06,c = 0.76,p =
1.37,b = a = 1. In this case, the cross-worksite spillover is small, so the gap between onsite and remote
productivity externalities at the intensive and extensive margin are very close (A — A\t =~ § — §%).

006 -004 002 O 002 004 006
AR

In figure (6(a)), onsite disutility and WFH disutility are the same, resulting in the
composite of disutility being a constant and absence of externality from the composite
of disutility. In this case, when extensive margins of onsite and remote productivity
externalities have the same strength (A = Af), the market equilibrium coincides with
the social optimum. In figure (6(b)), onsite disutility is smaller than WFH disutility.
Therefore, an increase in the share of time spent working onsite means a decrease in the
composite of onsite and WFH disutility. Suppose the social planner increases the share of
time spent working onsite; workers benefit from a reduction of the composite of onsite and
WFH disutility, which leads to an increase in the left-hand side of the equation (17). The
onsite productivity externality should be smaller than the remote productivity externality
to keep the equation balanced. The intuition is that when the cost of increasing the
share of time spent working onsite is relatively low, the social planner will choose more
onsite work even if the onsite productivity externality is relatively weaker. Figure (6(c))
shows that when onsite disutility is higher than WFH disutility, the strength of onsite
productivity externality needs to be strong enough for the social planner to choose a
share of time spent working onsite higher than market equilibrium. In other words, if the
cost of more onsite work is relatively high, the benefit from onsite productivity spillover
needs to be strong enough for the social planner to choose a share of time spent working

onsite larger than the market equilibrium.
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The gap between the extensive margins of onsite and remote productivity externalities
(A—A) also affects the magnitude of the gap between the market outcome and the social
optimum. Figure 7(a) shows a situation without the externality from the composite of
disutility. The blue line describes how the gap of share of time spent working onsite
between the social optimum and market equilibrium changes as A — A\® changes. The
larger the gap in extensive margins of onsite and remote productivity externalities, the
larger the gap in #°°° and §™*. As shown in the orange lines, the gap in the share of time
spent working onsite leads to gaps in productivity, income, and utility between market
equilibrium and the social optimum.

As the gap between the social optimum and market equilibrium level of onsite time
widens, the required subsidy to achieve the social optimum increases. Consider two types
of policy: The first is implementing income tax to subsidies onsite work or remote work.

The disposable income under this policy is

W (0) = 1(O)h(0), h(O) =(1—T)(1+s0), (20)

where I is income tax rate. s is the onsite subsidy (tax) rate. s > 0 corresponds to
subsidizing onsite work or taxing remote work; s < 0 corresponds to taxing onsite work
or subsidizing remote work.

The second is levying externality tax to fund the subsidy. For example, collect remote
tax (income tax adjusted by the share of time spent WFH) and use the tax to subsidize
onsite work. If the social planner taxes (subsidies) remote work and subsidies (taxes) the

onsite work, the disposable income becomes

w(0) = 10)9(0), 9(0)=(1—-2(1-0))(1+10), (21)

where 7 is the tax (subsidy) rate based on share of time spent WFH, ¢ is subsidy (tax)
rate based on share of time spent working onsite. (See Appendix (D) for derivation

details.)
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Figure 7: The Gap Between Onsite-Remote Productivity Externalities Affects the Magnitude
of the Optimum-Market Gap

Note: Az = (% —1) x 100%. Parameter values: y=0.09, 7=0.015, A=0.06, a=0.76, p=1.37, b =a = 1.

Figure 7(b) shows that the gap in the extensive margins of onsite-remote productivity
externalities causes the share of time spent working onsite in the market equilibrium
(solid blue line) to deviate from the social optimum (dotted blue line), leading to a larger
optimal subsidy (orange lines).

The cross-worksite spillover () affects the magnitude of the optimum-market gap and
the subsidy. If there is no efficiency loss in cross-worksite spillover, the cross-worksite
spillover becomes one. As a result, onsite and remote productivity externalities are
irrelevant to how workers allocate work time onsite or at home, implying the absence of
intensive margins of productivity externalities. Figure (8(a)) shows the relation between
the gap between the social optimum and the market outcome in a scenario where the
externality from the composite of disutility is absent. As the cross-worksite spillover
increases, the gap become smaller. Figure (8(b)) shows that as the cross-worksite spillover
increases, the gap between market equilibrium and the social optimum level of onsite time

and the socially optimal subsidy decrease.
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Figure 8: Cross-worksite Spillover Affects the Magnitude of the Optimum-Market Gap

Note: Az = (;TO,; — 1) x 100%. Parameter values: v = 0.09, 7=0.015, a=0.76, p=1.37, b = a = 1,

A=0.06, \F=0.03.

4 The Full Model

4.1 The Market Equilibrium

Figure 9: Workers’ Choices

[Sector s, Onsite (s, 0)}

[share of time spent working onsite 6 € (0, 1)] [0/’—:0}

Note: A worker living and working in city 4 choose a sector s and one of three work modes. If the worker
chooses working onsite or fully WFH, her share of time spent working onsite is determined as 1 or 0. If
the worker chooses hybrid, she then chooses a share of time spent working onsite 6 € (0,1). ¢ measures
the dispersion of preferences for sectors-work mode pairs.

[Sector s, Hybrid (s, h)} [Sector s, Fully WFH (s,f)}

° =1

The economy has i = 1,.., N cities. Each city has a fixed size of employment (L;).
Workers live where they work. There is no migration across cities, but there is mobility
across sectors s € {1, 2, ..., S} and work modes. Each worker chooses a pair of sector-work
mode (s,m), where the work modes are (m € {o,h, f}) fully onsite (o), hybrid(h), and
fully WFH (f). If workers choose hybrid work, they then decide the share of time spent

working onsite, 6;, € (0,1), and the share of time spent WFH, 1 — 6;,.1

1 Onsite workers’ share of time spent working onsite 69, = 1. Fully WFH workers’ share of time spent
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Each city produces a tradable good that uses labor inputs from all sectors in the city.
Tradable goods produced by cities are freely traded, and they are perfect substitutes.
Workers consume tradable goods and housing. Housing is produced using parts of trad-
able goods and land as inputs. The returns to land is allocated to local workers. At the
city-sector level, productivity spillover takes place both within and between onsite and

remote labor, and onsite-remote knowledge-sharing may incur an efficiency loss.
4.1.1 Preference

The utility for a worker w who lives and works in city ¢ and works in sector s, and choose

an work mode m is:

m_ () () e
isw d_)dm(ﬁm) Z(s,m)w) (22)

15

u

where ¢ and %7 are consumption for tradable goods and housing, respectively. ¢ =

a®(1 — a)'7® is a constant. The disutility dI?

(0) varies by city, sector, and work mode.
For onsite workers, disutility is the commuting cost; for hybrid workers, disutility com-
bines the commuting cost and WFH amenity cost; for workers fully WFH, their disutility

is the WFH amenity cost:

(

ekti if m = o,
dig(0%) = § €0,y + Cis(1 — 0;5)  if m = h, (23)

\

Cis denotes the WFH amenity cost. e* refers to the commuting cost, where ¢; is the city-
specific commuting time and &k denotes the elasticity of commuting cost to commuting
time.

€l is exogenous shifters that govern workers’ preference for sector-work mode (s —m)
choices. 25 m) is the worker’s idiosyncratic preference for a sector-work mode pair.
Assume Zz(; ), is independent for all individuals and follows the Fréchet distribution

2

with cumulative distribution function F , (2) = e~ o governs the dispersion of

working onsite 9‘17; = 0. For hybrid workers, Hfg € (0,1). For simplicity, I ignore the subscript h and use
;s to refer to share of time hybrid workers spend working onsite.
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preference for sector-work mode pairs.

By utility maximization, the indirect utility is:

m I (03 )eis

isw Z(s,m)w>
15w dg(eg)Paqzl_a (s;m)

(24)

where the worker’s income I (0") consists of wages and returns to land. W/? denote
wages and R]} denote returns to land. Assume the returns to land is distributed locally

and is proportion to a worker’s total wages: R} = rW/'. This assumption ensures that

worker’s choices and labor supply are not affected by the allocation of returns to land.
The ratio of returns to land to total wages, 7, is a constant related to the share of tradable
goods in consumption («) and housing supply elasticity. To summarize, the income is
I = (1+7)W/. P is the price of tradable goods, which is equalized across cities due
to free trade. The price of tradable goods is normalized to 1. ¢; is the housing price in

city i. Wages for workers are multiplications of city-sector-specific unit wages (w;s) and

work mode-specific efficiency labor unit:

(

Wis Bis it m = o,
wisAis it m = f.

\

Hybrid worker’s efficiency labor unit ¢;5(6;5) combines the onsite and remote productivity:

(ia(03s) = [(Ai(1 = 0:)) T + (Bubia) 7 177, (26)
where p > 1 is the elasticity of substitution between working onsite and WFH. A, refers
to remote productivity and B;s; denotes onsite productivity. Workers consider onsite and
remote productivity to be constant. ;s refers to the exogenous hybrid productivity that
cannot be explained by w;s and £;5(0;5).

Hybrid workers choose the share of time onsite (6;5) by utility maximization. The

share of time spent working onsite depends on relative productivity and relative amenity
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of onsite work:

gis Bis -t gis P
1—eis:<Ais> (—) 27)

Rearranging this equation gives the solution for share of time hybrid workers spend

working onsite in the market equilibrium:

eis = . — _ . (28)

4.1.2 Labor Supply

Since the idiosyncratic preference for sector-work mode follows Fréchet distribution, the

labor supply for workers in city i, sector s with work mode m is:

= () Lome fon (20)
where ¢ = %, Q=D > ;7;)”]5. The employment in city i and sector s can
be derived as

1 Jmem \ 7 _
L;s = LY = — —= ) L, 30
= 55 2 (agions) o

Define €]} = Zgyim, then city-sector employment can be expressed as

m “is

€is Im’gm 7 _
Lis _ s 18 18 Lia 31
27 2 (i) Y

where €, = (), €2) is the city-sector specific labor supply shifter. This shifter will be
used as an instrumental variable for city-sector employment in the structural estimation
in section 5. Combining equation (29) and (30), labor supply for workers in city 7, sector
s with work mode m can be expressed as a function of city-sector employment:

1= (55) Lume ton (32)

alm

where ®; = [>, (¢72)°]7.
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4.1.3 Production

The production function of the tradable good in city ¢ combines outputs from all sectors:

Y, =

> (y@))] o (33)

S

where ;s is the city-sector specific productivity shifters. Assume constant returns to
scale, thereby > ;s = 1. 1 is the elasticity of substitution between sectors. The output
in city i sector s (y;5) is a linear combination of outputs from workers in different work

modes:

Yis = Yoy T YL 4yl = BiLS, + Bislis(0is) LI + Ai L. (34)

By profit maximization, the city-sector-specific unit wage is:
v b
- n
Onsite, hybrid, and fully WFH workers receive the following total wages, respectively:
VV;; = wisBisa VVZ; = wisﬁis£is<9is)7 VV@J; = wisAis- (36)
The production function of housing in city i is:
H; = K] H; ", (37)

where K; is the tradable goods used as an input to produce housing. H; refers to land.
v governs the elasticity of the housing supply. By profit maximization, the demand for

tradable goods used to produce housing is
K, =~v—H;, (38)

where ¢; is the housing price. The demand for land H; = 1%5[(1- implies the total returns
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to land in city ¢ is

where r; is the per unit returns to land.
4.1.4 Externalities

When making decisions, workers do not account for the impact of their choices on ag-
gregate productivity, which in turn affects other workers. When firms in different sectors
choose labor to maximize their profits, they do not internalize the productivity external-
ities among workers. In other words, workers and firms treat the onsite productivity B;
and remote productivity A;s as constant when making choices.

Before introducing the function forms of onsite and remote productivity, I define the
aggregation of onsite and remote labor. They are both contributed by two types of
workers. The total labor for onsite work (LZ) in the city i, sector s combines labor from

onsite workers and hybrid workers when they work onsite:
LzBs(els) = L;')s + 913[’?& (40)

The remote labor (LZ) combines labor from fully WFH workers and hybrid workers when
they WFH:
Liy(0is) = L, + (1= 0:) L. (41)

The productivity for onsite work is:

A

The productivity for remote work is:
Ass = ais[LA(Gi) + TLE (0,1 (43)

where b, and @;; are exogenous onsite and remote productivity, respectively. A and \#

are the elasticities of onsite and remote productivity to aggregate labor. They govern
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the strength of onsite and remote productivity externalities at the extensive margin,
respectively.

€ [0,1] refers to cross-worksite spillover. As in the simple model, when 7 = 0,
onsite and remote labor contribute separately to onsite and remote productivity. When
7 = 1, onsite and remote productivity are not directly related to the choice of work mode
or to share of time hybrid workers spend working onsite (B;s = b; LZAS, Ajg = ding\SR).
The aggregate productivity is affected by workers’ choices in work modes and share of
time spent working onsite when these choices lead to a labor relocation across sectors

and change the employment of a sector (L;s). 7 € (0,1) implies an efficiency loss in

productivity spillover between onsite and remote workers.
4.1.5 Market Clearing

The labor market clearing condition for workers is:

= (%) Lome oy (44)

ql=

where ¢} = gtdis, @ = [, 30, (R)7)7. I = (L+ )W W = wiBi, Wl =
1
wisﬁisgis(9i5)7 VVZJ; = wisAis The unit wage W;s = Pyzs (L> !

The housing market clearing condition is:

> ArLr=H (45)

s me{o,h,f}
11—«

qi

I, = H,, (46)

where the total income in city ¢ combines the total wage and returns to land I; = W;+ R;.
The total wages are W; = > > (W/L"). Combining equation (46) and (38), the
demand for tradable goods used to produce housing can be expressed as a function of

total income:

I;

2. (47)

Substituting this equation and the housing production function (37) to equation (46),
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the housing price can be solved as:

(1) (1)

Substituting equation (47) to equation (39), the total returns to land in city ¢ can

be expressed as R; = (1 —y)(1 — a)l; = (1 — 4)(1 — «)(W; + R;). Rearranging the

(1-)(1-a)
T Vi

By assumption, returns to land allocated to all workers has the same proportion r relative

equation yields a relation between returns to land and total wages: R; =

to their wages, R; = rW,. Therefore, the proportion of land returns to wages is:

00 _ 1
I1-1-9)(1-a) a+y(1-a)

7=

1 (49)

A worker’s income is [j7 = (14 M)W = —5—Wi. Total income in city i is I; =

a+'yl )

% Substituting I; = % and zero profit condition (W; = PY;) into K; =

y(1 — a) the tradable goods used to produce housing can be expressed as a function

of total outputs K; = (1(104)62041/;'

The goods market clearing condition is:

PY S @Ln+ PK, = PY, (50)
s me{o,h,f}
I;
LK =Y, 51
04P—|— (51)

By substituting K; = (1 — a)% and I; = to equation (51) gives W; = PY;. This

Wi
a+y(l-a)

condition is satisfied according to the zero profit condition.
4.1.6 The Market Equilibrium

Given parameters {k, p,o,n, v, A, X\, 7}, exogenous variables {t;, L;, H;}, and exogenous

shifters {(;s, €%, e el Biss Yisy Qis, Bis}, a competitive allocation consists of the share of

187 T187

time spent working onsite chosen by hybrid workers (6;,), employment (L2, L, L!), total

187 187

wages (W2, W Wf '), tradable goods used to produce housing (K;), local returns to land

187 187

(R;), housing price (g;), onsite productivity (B;s) and remote productivity (A;s) such that
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equations (26), (28), (29), (36), (38), (39), (42), (43), (45), and (48) are satisfied.

4.2 Welfare

The expected utility for a worker in city 7 is:

ra-14
U=l (52)
Peg;
m\o]+ m o€ty m Wiz [ —
where D, = [Zs Zm( is) ]07 s — e Iis = ai—a) I/Vis = wisBiS7 Wz}; =

wisﬂis&s(&'s)) W@J; = wisAis-

The social welfare for the economy is defined as:

U=> UL (53)

4.3 The Socially Optimal Labor Allocations

The social planner internalizes externalities and solves for allocations in the share of time
spent working onsite for hybrid workers, employment, consumption, housing, tradable
goods used to produce housing, and trade flow between cities to maximize the total
welfare of all cities (See Appendix E for derivation details). The first-order conditions
determining the socially optimal allocation differ from those of the market equilibrium in

terms of both the intensive and extensive margins of labor.
4.3.1 The Optimal Share of Time Spent Working Onsite For Hybrid Workers

The equation that characterizes the socially optimal share of time spent working onsite

for hybrid workers is:

onsite time elasticity

-1 ~ =~
92(5 _ <B(‘9:s)>p |: C@'s + dzs(ejs) ( Fl ( 51-5, _|_1) — 1) p
1—0;  \A(0}) Mt dig(07) F, ( oF -l
S—— ~~ ~—

hybid worker’s  housing congestion, intensive margin of
composite of  onsite-remote/sector remote productivity
disutility productivity spillover externality

(54)
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where
h
eiSLis

o aBZS(028>/B’LS
LB+ 714

615 aezs(ezs)/gzs )\( T)

(55)
LB(6;,) = Lo40;, L, LA(0;,) = L +(1—6,,)L!,. 0, is the elasticity of onsite productivity

at city 7 sector s with respect to share of time hybrid workers spend working onsite, which

governs the onsite time elasticity that came from hybrid workers.

aAis (913 ) /Azs

_\R (1 — 0:s) L,

LA+ 7LB "

= (56)
62 is the elasticity of remote productivity at city i sector s with respect to hybrid workers’
share of time spent WFH, which governs the intensive margin of remote externality that
came from hybrid workers. The onsite (remote) time elasticity is calculated by multiplying
three factors: the extensive margin of onsite (remote) productivity externality (X, A®),
the cross-worksite efficiency loss (1 — 7), and the ratio of hybrid workers’ onsite (remote)
labor (0;L%, (1 — ;)LL) to the aggregate labor that contributes to onsite (remote)
productivity (L2 + 7L, L4 + 7LB). The intensive margin of productivity externalities
varies by city and sector because of the variations in labor composition and share of time
hybrid workers spend working onsite.

Note that a stronger onsite agglomeration elasticity relative to the remote agglomer-
ation elasticity (A > M) does not necessarily guarantee that the onsite time elasticity
is larger than the remote time elasticity (6 > §f). For example, when a city and sector

has a large share of onsite workers and low shares of hybrid and remote workers, it is

possible that A > A but § < 6% due to the share of hybrid workers’ onsite labor is smaller

61‘5[’?3
B A
Lis +TLi.s

1-0;5)LP,
( ) 2

LAl ) The intuition is

than the share of hybrid workers’ remote labor ( <
that a high number of onsite workers already creates a strong onsite productivity effect,
such that an increase in the share of time spent working onsite by hybrid workers only
marginally increases onsite productivity. However, if hybrid workers allocate more time

WFH, it could result in a relatively larger boost to remote productivity.

D 0Y; TmTm
F.o— P89is ﬁ _ (Oé—i—’}/(l — Oé)) Zz Zs Zm [z’s Lis (57)
(E Th Lh aezs (915)/6915 ! o ZZ }/;

18°71s Lis(0;s)
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F refers to the onsite-remote and cross-sector productivity spillover effect driven by the

change of share of time hybrid workers spend working onsite in sector s. 7{? denotes the

total expenditure in the solution to the social planner’s problem. The numerator P gf}z
measures the change in the value of the tradable goods in city ¢ when hybrid workers

change share of time spent working onsite. It reflects the marginal total product value of

isLis™ 7.5,y measures the change in

hybrid workers’ onsite work. The denominator
total income of the hybrid workers when they adjust share of time spent working onsite.
It represents the value of hybrid workers” marginal product from onsite work. Thus, the
ratio of the two terms reflects how much the value of tradable goods changes, excluding
the change in the value of the hybrid worker’s product.

To illustrate the productivity spillover effect, consider the following example: An
increase in share of time hybrid workers spend working onsite in sector s increases onsite
productivity but decreases remote productivity of sector s, resulting in a change in the
total productivity of sector s. If the total productivity of this sector increases, it causes
a relative decline in the productivity of other sectors. In the case where there is only one
city and one sector and all workers are hybrid, Fj, simplifies to o+ y(1 — «), which only
includes the housing congestion effect, as in the basic model.

Similar to the basic model (3.2.3), when determining the socially optimal share of time
spent working onsite, the social planner balances the effect on the hybrid worker’s com-
posite of disutility, housing congestion, as well as intensive margins of onsite and remote
productivity externalities. In addition, the social planner also considers the productivity
spillover across work modes and sectors.

To understand how the onsite-remote and sector productivity spillover affect the social
planner’s trade-offs, consider a simplified scenario in which only this externality and
productivity externalities exist. In this case, the social planner may choose a share of
time spent working onsite in a sector even if it results in lower productivity for hybrid
workers in this sector, as long as the benefits to other work modes or sectors outweigh
the loss. This mechanism operates through the labor reallocation channel. For example,

suppose a change in the share of time spent working onsite reduces the productivity of
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hybrid workers in sector s, causing hybrid workers’ wages in sector s to decrease. As
a consequence, workers reallocate to other sector-work mode cells, thereby increasing
productivity in those sectors and work modes. If the productivity increases in other
sector-work mode cells exceed the hybrid workers’ productivity decrease in sector s, then
the social planner will implement this change in the share of time spent working onsite.

Equation (54) can be expressed as
eis - st(ezs) ot Es(éis + ]-) — 6d,is g (58)
1— eis B A18<0’LS) -Fzs((sg + ]-) - 55513 ’

where 64,5 and 561l%,i8 are the elasticity of the hybrid worker’s composite of disutility with

respect to their share of time spent working onsite and share of time spent WFH in city

1 sector s, respectively:

o adzs(ezs)/dzs(923> - (ekti - Cis)eis

6d,i5 B 8913/015 B dis (ezs) 7 (59)
R 8dzs(ezs)/dzs<ezs) o (Czs - ekti)(l - ezs)
(Sd,is a 8(1 - 918)/(1 - 9zs> B dzs(‘%s) . (60)

Fis(0is+1)—04,is

PR 1) 0%, represents the relative onsite time elasticity adjusted by the other sources

of externalities.
Comparing equation (58) with the first-order condition in market equilibrium (equa-

tion (27)) gives the following conditions:

m _ p m p—1
gsoc kat o= Bis(ei& Lis,soc) = E (515 + 1) - 5d,is > Bis(eiS’ Lis,mkt) Cis
v e Ais (05, LT ) Fi (68 +1) - 55,7;3 Ais (05, L) ekti

18,50C is,mkt

(61)

m _ P m p—1
gsoc kat PN Bis(eisu Lz‘s,soc) p E (513 + 1) - 5d,is < Bis(eiS’ Lis,mkt) Cis
h b Ai8(9i87 L Fi (6£ + 1) o 5(11%,15 Ai8<0i87 L?sL,mkt) ehti

is,soc)

(62)

where 0:°¢ and 6% denotes the share of time hybrid workers spend working onsite for

hybrid workers in the social optimum and market equilibrium, respectively. L and

1S,50C
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Lm

ts.mke denote employment in the social optimum and market equilibrium, respectively.

Conditions (61) and (62) suggest that whether optimal onsite share larger than market
equilibrium depend on two aspects: (1) whether adjusted relative onsite time elasticity

FisOist)=0ie g Gio ). (2) whether relative onsite

is larger than relative onsite amenity (

Fis(5£+1)*5§is ' efti
.. . . . . S1e1 - Bis(0is, L . .0)
productivity in the social optimum is larger than market equilibrium <A-(9-—LM’) V.S.
18 189 .

is,50C
Bis (915 ,L?;YSOC) )
Ais (913 ,L’." :

zs,soc)

The difference in employment between the social optimum and market
equilibrium is discussed in section 4.3.2.

Correspondingly, I draw two implications from condition (61): (1) optimal hybrid
works’ share of time spent working onsite will be larger than market equilibrium if the

adjusted relative onsite time elasticity is strong enough (the first effect dominates). (2)

Fis (525 +1)76d,i5

<
Fis (554»1)755‘:1.5

When the adjusted relative onsite time elasticity is not strong enough (

ec,jfi), optimal hybrid works” share of time spent working onsite can also larger than

market equilibrium when optimal employment allocation result in relative onsite produc-
B'Ls(eisng,soc)
Ais(0i57Lm >

zs,soc)

tivity in socially optimal much higher than that in market equilibrium (

Bis (91'37Lm

zs,soc)

Ais (67,5 7Lm

zs,soc)

). Condition (62) has similar implications based on the strength of adjusted

relative onsite time elasticity and relative onsite productivity.
4.3.2 The Optimal Employment Composition

The socially optimal employment by city-sector-work mode is

Ly = (;—) L, (63)
®;

; ®; = <ZS Yom (N?;L)U);. Equation (63) has the same form as

IMe

45 (675)

TMm_ m
18 "18

where 5?;’ =

the labor supply function in market equilibrium (29). However, the socially optimal
expenditure (corresponding to income in the market equilibrium) is different. The socially

optimal expenditure for a worker in city ¢, sector s, work mode m is

~ o ~ 0Y;
I = P—- —¢ 64
r=0 (P ). (61
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9Y;
oL

where P is the shadow price of the tradable goods produced by city . is the marginal
product of workers in city i, sector s, and work mode m. e; is the opportunity cost of
reallocating workers to other sector-work modes within a city. The marginal product of

a worker in the social planner problem is:

oy,  oY; oy
= m E —s 65
m’€{o,h,f}

productivity spillover

where y?, = B;s(L} Qis),yg = Biséis(Lg,Qis),yfs = Ais(L7,0;5). Equation (F.50) shows

18 189
that an increase of employment in city ¢ sector s work mode m affects the total product
of city ¢ through 3 channels: (1) the direct effect for sector s work mode m (y}7): more
workers in the sector-work mode cell result in increased production for this sector and

!
9yiy ):
m DL )

work mode. (2) the productivity spillover within sector s (> for example, if
the number of onsite workers in sector s increases, onsite productivity also increases. In
the presence of productivity spillover between onsite and remote workers (7 > 0), remote

productivity also increases. The increase in onsite and remote productivity boosts hybrid

workers’ productivity. (3) the marginal effect of the sector s on city-wide productivity

oY;
( 8yis

): more workers in sector s means and the total productivity of the city more rely on
sector s. With a fixed city size, it also means fewer workers and decreased productivity
in other sectors. The social planner chooses a labor composition where the benefit of
increasing workers in sector s exceeds the productivity loss in other sectors.

The opportunity cost of reallocating workers to other sector-work modes within a city

is

~ L7 oY, o+1 Lm~
= PYY (T) - R T 2
where the first term is the weighted average of the value of the marginal product of labor
across all sectors and work modes in a city. The weight is the share of employment in a
sector-work mode as a percentage of total employment in a city. The second term is the

average wage adjusted by labor supply elasticity.

Optimal expenditure (F.48) differs from market equilibrium income (II? = (1 +
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7)P 8812 y™) by incorporating the productivity spillover effect and the opportunity cost
of reallocation. These are also two channels through which the socially optimal em-
ployment composition differs from the market equilibrium, as the employment size of a
sector-work mode is positively correlated with expenditure. In other words, the social

planner allocates more workers to a sector-work mode compared to market equilibrium

if it generates more productivity spillover and is associated with a low opportunity cost.

5 Data and Structural Estimation

5.1 Data

I use U.S. data to perform structural estimation, quantify the gap between the social
optimum and the market outcome, and measure optimal subsidies.

Dataset, Time, and Samples. [ derive the average wage, employment, and share of
time hybrid workers spend working onsite using data from the IPUMS Current Population
Survey (CPS) basic monthly survey from 2022 Oct to 2024 December. The samples
consist of labor forces excluding self-employed, armed forces, and unpaid family workers.
I calculate the average commuting time using data from the 2022 American Community
Survey in the IPUMS USA dataset. The samples for calculating average commuting time
consist of workers who live and work in the same city.

Sectors and Cities. I match the sectors to 13 time-consistent sectors classified
by Pollard (2019)'? T match the cities in the model to the Core-Based Statistics Areas
(CBSAs). I map the available geographic units of CPS and ACS to the 2015 version
of CBSA. For CPS data, I match the resident metropolitan area or county to CBSA
using the crosswalk in the Missouri Census Data Center (MCDC)!. If one resident city
belongs to multiple CBSAs, the samples are duplicated, and each duplicate is assigned

an allocation factor that denotes the share of the original location in the matched CBSA.

12 The sectors are Agriculture, forestry, fishing, and hunting, Mining, Construction, Manufacturing,
Wholesale and retail trade, Transportation and utilities, Information, Financial activities, Professional
and business services, Educational and health services, Leisure and hospitality, Other services, and Public
administration.

13 Website address for the MCDC crosswalk files is https://mcdc.missouri.edu/applications/geocorr.html.
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The allocation factor is multiplied by the sample weight when calculating the average
variables.

For ACS data, I first match place of work public use micro areas (PWPUMASs) to
public use micro areas (PUMAs) and then match PUMAs to CBSAs. I use the PW-
PUMASs to PUMASs crosswalk from IPUMS and the PUMAs to CBSAs crosswalk from
MCDC . If one PWPUMA or PUMA belongs to multiple CBSAs, it is matched to the
CBSA with the largest proportion of the population of the PWPUMA.1?

Hybrid Workers’ Share of Time Spent Working Onsite. The share of time
spent working onsite is calculated by one minus the share of time WFH. CPS basic
monthly survey variable TELWRKHR reports hours WFH for pay in the last week. I
only include workers who have one job (identified by the variable MULTJOB) to calculate
the average share of time spent WFH. Share of time spent WFH is calculated by hours
WEFH per week divided by hours worked per week. If the workers report not WFH
(reported in the variable TELWRKPAY) or their WFH hours are zero, they are classified
as onsite workers. If workers’” weekly WFH hour equals their working hours, they are
classified as fully WFH workers.

Residual Wages. I use average residual wages to match wages in the model and
recover the shifters. For city-sector cells with positive employment but missing wages, I
impute the wages using fitted values from regressions of average residual wages with fixed
effects. Data process details are in Appendix H.

Employment. I use the CPS basic monthly survey to calculate employment. Dis-
tinguishing work modes requires information about the share of time spent WFH. The
observations that report the share of time spent WFH are a subset of the basic monthly
survey. Therefore, I calculate the employment in the following steps. Firstly, I use a

whole set of basic monthly survey data to calculate the monthly average employment

4 One PWPUMAs may contain several PUMAs. The place of work PUMAs
to  PUMAs  crosswalk  are at  https://usa.ipums.org/usa/volii/00pwpuma.shtml  and
https://usa.ipums.org/usa/volii/10pwpuma.shtml.

15 T choose ACS samples who live and work in the same CBSA. Keeping the matches for multiple
CBSAs and applying an allocation factor like in CPS data would require extra assumptions about
workers’ residence-workplace pairs, which I want to avoid. Thus, I match 1 PWPUMA or PUMA to one
CBSA.
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by city and sector. Then, I use the subset data that reports the share of time spent
WFH to calculate onsite, hybrid, and fully WFH employment shares by city-sector cells.
Finally, the employment for each city-sector-work mode is calculated by multiplying the

employment in each city-sector cell by the respective employment share of the work mode.

5.2 Identification

[ apply generalized method of moments (GMM) to jointly estimate the extensive margins
of onsite and remote productivity externalities, cross-worksite spillover, and elasticity of
substitution between WFH and working onsite (section 5.3). The method is inspired by
Ahlfeldt et al. (2015) and Farrokhi (2021), leveraing orthogonal conditions for identifi-
cation. Although the parameters are estimated jointly, each moment condition is more
closely associated with identifying a specific parameter. This section discusses the iden-
tification intuition behind how each moment condition helps identify the corresponding

parameter.
5.2.1 Extensive Margins of Remote and Onsite Productivity Externalities

The variation of fully WFH wages in response to the fully WFH employment identifies

the remote agglomeration elasticity A¥. According to the model, fully WFH wages can

1

also be expressed as W/ = ww(yzs)awf(Lf ,]z; ,618)(Lf) , where w;; = Py, (—);,

18 Yi

1 o AR
f(Li:s L 0;s) = |1+ (1— 923)2; -|-T(Lf ”Lf ) 16 The log form of this equation

implies the following labor demand regression:
In(WL) = NfIn(LL) + 2f, + In(Fisais), (67)

where 2/, = ln(P( ) )+in (f(Lf ) i: ,0is)). Equation (67) implies that a stronger remote

productivity externality (Af) leads to an increase in fully WFH wages, given other things

16 This equation describes the demand for fully remote workers. It captures two types of relationships
between fully remote labor and wages: a negative relationship at the city-sector level, represented by the
labor demand elasticity 7, and a positive relationship at the city-sector-work mode level, represented by
the remote agglomeration elasticity A¥. When there is no remote productivity spillover (A\f = 0), the
wage for fully remote workers equals the city-sector wage (w;s) and is negatively related to fully remote
employment. In contrast, if there is a positive remote productivity spillover (A > 0), then, holding
the city-sector wage constant, the fully remote workers’ wage increases with the level of fully remote
employment within that city-sector.
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unchanged. The variation of fully WFH wages in response to fully WFH employment
across city-sector cells identifies the remote agglomeration elasticity.

Since the exogenous city-sector-specific productivity (7;s) and the exogenous remote
productivity (a;s) are the residuals of the regression (67), the identification moment con-

dition in a simple OLS regression is (Lf Uis@is) = 0. However, the OLS regression has

is)
three identification issues: (1) reverse causality: higher remote wages in some city-sector
cells attract more workers to choose these remote jobs, rather than more remote workers
leading to higher fully WFH wages. (2) endogeneity: the residuals may correlate with
the remote employment. For example, larger cities tend to have higher wages and more
remote workers. This implies a positive correlation between residual and remote employ-
ment, which leads to an upward bias of remote productivity externality estimates. (3)
selection bias: people with different productivity sorting into remote jobs. Harrington
and Emanuel (2021) find that call center workers with less productivity are more likely
to choose remotely than onsite. This negative selection implies a downward bias of the
estimate of remote productivity externality. On the other hand, if highly productive
workers choose fully WFH, it will lead to a positive bias.

To obtain an unbiased estimate of A\, we may use an instrumental variable that
is correlated with fully remote employment but uncorrelated with the residuals of fully
remote demand (¥;sa,5). For identification, I impose the orthogonality condition that the
fully remote labor supply shifter (ezfs) is uncorrelated with the residuals of fully remote

demand:

E(Ezfsa @‘s@‘s) =0 (68)

Given the labor supply elasticity, the GMM method estimates the remote productivity
externality by minimizing the correlation between model-implied supply and demand
shifters for fully remote labor. When the method yields an estimate that is consistent
with the moment condition (i.e., the correlation between these shifters is nearly zero), the
approach is similar to treating the fully remote labor supply shifters as an instrumental
variable for fully remote employment.

Hybrid workers” wages can also used to identify remote productivity externality. In
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the model, the ratio of hybrid wages to onsite wages is:

is = L Z; +46.r s 69
e = | (G2t ) e (69
where 2l = g(n9,, 7, 7l 1 —6;,) is a function of labor composition and hybrid workers’

share of time spent WFH. 7/ (m € {o, h, f}) denotes the percentage of workers in work
mode m relative to the total employment in the city-sector. Equation (69) suggests that
given onsite productivity externality ()\), a stronger remote productivity externality (Af)
leads to a higher increase in hybrid wage ratio relative to total employment, holding
other things unchanged. Given the value of onsite productivity externality, the variation
of the hybrid wage ratio across city-sector cells in response to employment identifies the
remote productivity externality. To deal with endogenous issues, I leverage the orthogonal

assumption that the labor supply shifter is uncorrelated with the residuals of relative

hybrid labor demand:
El(e, 52’;“% =0, (70)

Bis Qis

is

where is the residuals in equation (69), which contains the exogenous remote pro-
ductivity relative to onsite productivity (%—) and exogenous hybrid productivity (5;s).
€is = (D_,, €1v)7 combines labor supply shifter for three work-modes in a city-sector cell
(equation (31) shows how this shifter is constructed based on labor supply from three
work-modes). When the GMM yields an estimate of A\f that is consistent with the mo-
ment condition, the approach is akin to treating the city-sector level labor supply shifters
as an instrumental variable for employment at the city-sector level.

Similar to (67), the variation of onsite wages in response to the onsite employment

identifies the onsite agglomeration elasticity A\. The onsite wages in the model is W2 =

/
Wis(Tis ) bis f < 7o ﬁ? ,0; > (L¢,)*, which implies the following regression:

In(W,) = Nin(L,) + 3, + In(Fisbis), (71)

1 f
where 29, = ln(P(yl )1) +in (f(i:l , io ,0is)). Equation (71) implies that a stronger on-
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site productivity externality (A) leads to an increase in onsite wages, given other things
unchanged. The variation of onsite wages in response to onsite employment across city-
sector cells identifies the onsite agglomeration elasticity. The moment condition for iden-

tifying onsite agglomeration elasticity is:

E<€;')sa gisbis) = 07 (72)

where ¥;sb;s is the residual in equation (71). Given labor supply elasticity, when the
estimate of A\ makes the onsite labor supply shifter uncorrelated with the residuals of
onsite demand, the approach is similar to using the onsite labor supply shifter as an

instrumental variable for onsite employment.
5.2.2 Cross-worksite Spillover

This section explains the intuition of estimating cross-worksite spillover. The variation of
relative onsite productivity across city-sector cells in response to the share of time spent
working onsite identifies the cross-worksite spillover.!”

For simplicity, consider the relative demand curve for the onsite time in the basic

model:

g(6, 7) LA (73)

_ o) = 2(9 +r(1=60)* s\ an

(1—6+70)""

SN
<@||c~|

shifter

The cross-worksite spillover 7 affects the slope of this relative demand curve. When 7 = 0,
relative onsite productivity increases in the share of time spent working onsite. When
7 = 1, relative onsite productivity is irrelevant to the share of time spent working onsite,
implying a horizontal relative demand curve. As 7 increases from 0 to 1, the relative
onsite productivity increases less given the same level increase in the share of time spent
working onsite, implying a decrease in the slope of the relative demand curve.

In the full model, relative onsite productivity and share of time spent working onsite

vary by city-sector cells. Therefore, if there are no endogenous issues, the city-sector

17 A simple way to obtain relative onsite productivity is using the ratio of onsite wages to fully WFH

wages (% = g’; ). Appendix I.1 also describes the procedure for recovering remote productivity using

hybrid wages.
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variation of the relative onsite productivity in response to differences in the share of time

spent working onsite identifies the cross-worksite spillover. It implies an identification

moment condition F/(6;, g
18

) = 0, where exogenous relative onsite productivity is the

residual /shifter of the relative demand curve.
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Figure 10: Share of Time Working Onsite and Relative Onsite Productivity
However, the share of time spent working onsite and the relative onsite productivity
are simultaneously determined. In the market equilibrium, workers’ choice of the share

of time spent working onsite is given by:

shifter

This supply curve implies higher relative onsite productivity leads to a higher share of
time spent working onsite. The relative onsite amenity C% is a shifter for the supply of
the onsite time. The simultaneous equations for the onsite time and the relative onsite
productivity imply the condition E(6;, %) = 0 suffers from an endogenous issue. To
address this issue, I use the relative amenity shifters from the supply side to identify the
cross-worksite spillover. Figure 10 illustrates this concept that a supply side shifter can
identify the slope of the relative demand curve. The moment condition for estimating 7
is:

B bey g, (75)

E, &is
When the estimate of 7 yields model-recovered shifters consistent with the moment con-

dition, the approach is similar to using the relative amenity shifter as an instrumental
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variable for the share of time spent working onsite.
5.2.3 Elasticity of Substitution between Woring Onsite and WFH

The first-order condition with respect to hybrid workers’ relative share of time spent

p—1
WFH is lg—_eis = (%) (eg—_l)p. Taking the log of both sides of the equation yields

1— eis
eis

Ql

In(

) = pktl + Tis + eis( ) <i5)7 (76)

2

=l

where 21, = (p = Din (SASDTEBI Y, (8., = (p = Ding + plnG.) s the
residual containing the exogenous relative WFH productivity (%) and WFH amenity
costs ((;s). Given the elasticity of commuting cost k, a higher elasticity of substitution
between working onsite and WFH (p) implies that hybrid workers’ relative WFH time
increases more as commuting time becomes longer. The variation of hybrid workers’
relative share of time spent WFH in response to the commuting time identifies p. The

moment condition for identifying the elasticity of substitution between working onsite

and WFH is:

E(ti, Gis=—) = 0. (77)

a’
Bis
5.3 Joint Estimation

M\, A 7 and p are jointly estimated using GMM approach. They are the solution to the

problem:

B = argmingg(8)' Dg(B), (78)
st. X = F(Xgata; 3, 8). (79)
X =9(X;8,0). (80)
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The vector B = [\, A\, 7, p|, D is a diagonal matrix. g(3) consists of differences between

moments predicted by the model and the target moments.

weighted cov(e€%,, Fisbis) — 0
weighted cov(e{s, UisQis) — 0
g(B) = | weighted cov(e;, 6» f2) =0 |, (81)
weighted cov( a =) — ()
| weighted cov(t;, %—) 0 |

where weighted cov(z;s, yis) = Y ;D (WGtis- (@35 —Tis) - (Yis —Tis)). The weight is the share
of city-sector employment as a percentage of total employment: wgt;s = ZLT’ Tis =
> i 2o (watis - wis), Uis = 325 Do (wytis - yis)

F(X; B, B) is the model inversion function described in Appendix I.1. Given param-
eter vector 3 and B = [o,n, k], this function uses data X to recover model shifters
X. Variables from data include wages, employment, the share of time spent work-
ing onsite, and commuting time (X = [LI?, W™ 0. t;],m € {o,h,f}). The vector
of shifters includes labor demand and supply shifters and WFH amenity cost (X =
[Tis, bis, Qis, Bis, €5, €, ef;, Cis]). The values of the parameters in 3 are borrowed from lit-
erature. & (X 3, B) solve for endogenous variables in the model given the shifters and
parameters (Appendix 1.2). Table 10 and 7 in the appendix show the summary statistics
of variables from data and recovered shifters. Table 2 summarizes estimate results and
other parameters that are given in structural estimation. Table 8 in the appendix shows

the error for moment conditions.

Table 2: GMM Parameters

Description Value Moment conditions/Literature
A Onsite agglomeration elasticity 0.088  cov(els, Gisbis) = 0
A® Remote agglomeration elasticity 0.069  cov(el, ?jisa’is) =0 and cov(gs, [Bis%) =0
7 Cross-worksite productivity spillover 0.009 cov(f,jfl. bs) =0
p  Elasticity of substitution between WFH and onsite work 1.304  cov(t;, %) =0
o Labor supply elasticity 1.26  Burstein et al. (2019)
1 Labor demand elasticity 0.8 Lichter et al. (2015),Beaudry et al. (2018)
k  Elasticity of commuting costs 0.01  Ahlfeldt et al. (2015)

Note: All covariances in this table are weighted by the city-sector cells’ employment.

The result shows that the estimated onsite agglomeration externality is larger than the
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remote agglomeration externality. The difference between onsite and remote elasticities is
around 0.02, which is within the range of the estimates obtained from the IV regressions
in Appendix K. The onsite and remote elasticities are also comparable to the physical
agglomeration elasticity estimated in the literature. The urban agglomeration elasticity
ranges from -0.09 to 0.19 in Melo et al. (2009), 0.04 to 0.07 in Combes and Gobillon (2015),
and 0.02 to 0.05 in Rossi-Hansberg et al. (2021). The estimated workplace agglomeration
elasticity is 0.07 in Ahlfeldt et al. (2015) and 0.086 in Heblich et al. (2020).

The estimated cross-worksite spillover is 0.009. It suggests a substantial efficiency loss
when sharing knowledge between onsite and remote workers. The estimated elasticity of
substitution between WFH and onsite work is around 1.3. It is within 95 % confidence
interval range of the elasticity of substitution between working onsite and WFH estimated
by Davis et al. (2024) (0.998 to 6.105). It is smaller than the education-sector-specific
elasticity of substitution between WFH and onsite work calibrated by Delventhal and
Parkhomenko (2023) (3.0 to 4.3).

5.4 Model Fit
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Figure 11: Exogenous WFH Productivity and WFH Feasibility Index

Note: The X-axis in the three subfigures shows the WFH feasiblity index based on Dingel and Neiman
(2020). The Y-axis represents the recovered exogenous remote productivity by CBSA and industry.

6 1 2 3 4 5 6 4 6 8
Dingle & Neiman (2020) WFH feasibility index by Industry Dingle & Neiman (2020) WFH feasibility index (CBSA+industry)

Figure 11 shows the positive correlation between recovered exogenous remote productivity
at the CBSA-industry level and the WFH feasiblity index constructed by Dingel and
Neiman (2020). The X-axis in Figure 11(a) shows Dingel and Neiman (2020)’s index

at the metropolitan statistical area (MSA) level'®. In Figure 11(b), T match Dingel

18 OBSAs consist of metropolitan statistical areas (MSA) and micropolitan statistical areas (uSA).
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and Neiman (2020)’s industry index to the industry classification in this paper (Pollard
(2019)). In Figure 11(c), the X-axis is the sum of the MSA level and industry level indexes
in the previous two figures. Figure 11 indicates that the recovered remote productivity
shifter captures the variation in WFH feasibility across cities and industries.

According to the Survey of Working Arrangements and Attitudes (SWAA), the top
two benefits of working onsite are “face-to-face collaboration” and “socializing”. This
indicates that one of the main disutilities of WFH is the lack of in-person interactions.
I obtain measures of in-person interaction preference from the SWAA at the combined
statistical area (CSA)-industry level and then compare them with the recovered WFH
disutility in Figure 12. The x-axes of the two subfigures correspond to preferences for
in-person interaction with coworkers and clients, respectively. A higher number indicates
a greater enjoyment of in-person interaction. The binscatter plots in Figure 12 show that
region-industry cells with a higher preference for in-person interactions with coworkers
and clients tend to have a larger WFH disutility. This suggests that the recovered WFH

disutility correlates with the lack of in-person interaction.
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WFH disutility
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coworker interaction preference client interaction preference

(a) (b)
Figure 12: WFH Disutility and In-person Interaction Preference

Note: The X-axes in the two subfigures represent workers’ preferences for in-person interactions with
coworkers or clients. The data source is responses to two questions from the SWAA (August—October
2021): “How much do you enjoy personal interactions with coworkers at your employer’s worksite?” and
“How much do you enjoy personal interactions with customers, clients, or patients at your employer’s
worksite?”. Respondents rated their enjoyment on a scale from 1 (“not at all”) to 10 (“very much”). The
data are aggregated by combined statistical area (CSA) and industry. The Y-axis shows the recovered
work-from-home (WFH) disutility at the CSA-industry level.
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6 Quantification Results

Given the estimated parameters and shifters, I solve for market equilibrium and the
socially optimal allocation to quantify the gap between them, as well as the socially
optimal subsidies. The algorithm for solving market equilibrium is described in Appendix
I.2. The solution for the social planner’s problem is in Appendix E. The socially optimal
policies are explained in Appendix G. Appendix J shows the parameters and shifters used
for the quantification analysis. The following sections present the gap and subsidies at
the average level and then analysis the variations of intensive and extensive margins of

labor at the city-sector level.

6.1 The Gap between the Social Optimum and the Market

Equilibrium, and Subsidies at the Aggregate Level

Table 3: Gaps and Subsidies

Exist remote productity spillover No remote productity spillover

ME=7=0)
Welfare gain in social optimum, % chg 2.27 2.25
Share of time hybrid workers spend working onsite, % chg 2.87 5.43
Onsite employment, % chg 1.75 2.55
Hybrid employment, % chg -4.91 -5.22
Fully WFH employment, % chg -4.87 -7.42
Share of onsite subsidy in hybrid workers’ gross income (income tax), % 10.98 15.43
Share of onsite subsidy in hybrid workers’ gross income (WFH tax), % 1.61 2.80

Note: The welfare gain is calculated as (gT(:f — 1) x 100%, where U*°¢ and U™** denote social welfare

in the social optimum and market equilibrium, respectively. Social welfare is defined by equation (53),
which aggregates the expected utility of all cities U = >, U;L;. Other variables represent the weighted
average of the gap between the social optimum and the market outcome, with the weights based on
the share of city-sector employment in market equilibrium as a percentage of total employment. For
example, let 03¢ and 0" refer to the share of time spent working onsite in city 4, sector s in the social
i . AGiax LH!
P I
where A6;s = (eem—o:, — 1) x 100% and L;’S’kt is employment in city ¢, sector s in the market equilibrium.

optimum and market equilibrium, respectively. The value in the table is calculated as

Share of onsite sﬁsbsidy is calculated according to Appendix G.

Table 3 shows the gap between the social optimum and the market outcome and the
shares of onsite subsidies with two tax sources. Column 1 shows the results in the
presence of remote productivity spillover. Social welfare is around 2.3 % higher than the
market equilibrium. The gap for hybrid workers’” shares of time spent working onsite and
employment are the weighted average across city-sector cells. For the intensive margin

of onsite work, the average optimal share of time hybrid workers spend working onsite is
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around 3 % higher than the market equilibrium. In terms of the extensive margin of labor,
average optimal onsite employment is around 2 % higher than market equilibrium, while
average hybrid or fully WFH employment is around 5 % lower than market equilibrium.

The policies target optimal hybrid workers’ shares of time spent working onsite to
achieve the social optimum. By adjusting the intensive margin of labor, the economy also
achieves the socially optimal extensive margin of labor allocation through productivity
spillover effects (See Appendix G for derivation details.). If the social planner implements
an income tax to fund the subsidies for onsite work, the average cost is around 11 % of
hybrid workers’ before-tax income. If the social planner levies WFH tax to subsidize
onsite work, the average cost is around 2 % of hybrid workers’ before-tax income. Using
the externality tax to fund the subsidies costs less than using the income tax.

For column 2 in Table 3, [ assume there is no remote productivity spillovers by setting
remote agglomeration elasticity and the cross-worksite spillover to be zero (A = 7 = 0).
The values of other parameters remain the same as the estimation results. I then recovered
the shifters and solve for market equilibrium and socially optimal allocation under this
setup. In this scenario, workers compare exogenous remote productivity relative to onsite
productivity with spillover effect and relative WFH disutility to decide whether and
how much working onsite. Compared to the gap in the presence of remote productivity
spillover, column 2 shows that the gaps between the social optimum and the market
outcome enlarge in the absence of remote productivity spillover. The socially optimal
levels of hybrid workers’ onsite time and onsite employment are around 5% and 3%
higher than the market equilibrium, respectively. The subsidy required to achieve social
optimal become costly: subsidy funding by income tax equals to 15 % of hybrid workers’
gross income, subsidy funding by externality tax equals to around 3 % of hybrid workers’
gross income.

Table 3 implies that, on average, the social optimum favors more onsite work. How-
ever, the remote productivity spillover allows us to get closer to the optimal level of onsite

work by compensating for some of the reduced onsite productivity spillover.
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6.2 The Variations of the Gaps for Intensive and Extensive
Margins of Labor

Although Table 3 shows that optimal allocation features more onsite work at intensive
and extensive margins on average, there are variations at city-sector levels. This section
discusses the variations of the social optimum-market gap for hybrid workers’ shares of
time spent working onsite and labor composition for three work modes. I begin with the
patterns of the socially optimal allocation and the gap, and then explain the mechanisms

driving these patterns.

6.2.1 Hybrid Workers’ Share of Time Working Onsite
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Figure 13: Pattern and Determinants of the Gap in Hybrid Workers’ Share of Time Working
Onsite

Note: The gap between the social optimum and market equilibrium hybrid workers’ shares of time spent
working onsite is calculated as A#;, = (% —1) x 100%.

Figure 13(a) shows the S-shaped relationship between optimal and market equilibrium
hybrid workers’” shares of time spent working onsite. Each point represents a city-sector
cell. The figure shows that for city-sector cells where hybrid workers’ shares of time spent
working onsite in market equilibrium are larger than 50 %, optimal shares of time spent
working onsite tend to be higher than market equilibrium. On the contrary, for city-sector
cells where hybrid workers’ shares of time spent working onsite in market equilibrium are
smaller than 50 %, optimal shares of time spent working onsite tend to be smaller than
market equilibrium.

As analyzed in section 4.3.1, whether optimal share of time hybrid workers spend

working onsite is larger than the market equilibrium depends on intensive margins of
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productivity externalities (§ and §), other sources of externalities, and relative onsite
productivity in the social optimum compared to market equilibrium.

Figures 13(b) show how the gap between onsite and remote productivity externalities
at the intensive margins affects the gap between optimal and market equilibrium shares of
time spent working onsite. When the intensive onsite productivity externality is stronger
than the intensive remote productivity externality, the socially optimal share of time spent
working onsite is more likely to be larger than that in market equilibrium. Conversely,
when the intensive onsite productivity externality is weaker than the intensive remote
productivity externality, the socially optimal share of time spent working onsite is more
likely to be smaller than that in market equilibrium. The gap between optimal and
market equilibrium shares of time spent working onsite tends to be larger as the gap
between intensive onsite and remote productivity externalities becomes larger.

Figure 13(c) shows an overall negative relationship between the gap of optimal and
market equilibrium hybrid workers’ shares of time spent working onsite and relative onsite
disutility (relative WFH amenity). City-sector cells where optimal share of time hybrid
workers spend working onsite are smaller than market equilibrium tend to have an onsite
disutility larger than WFH amenity costs. By intuition, when onsite disutility is larger
than WFH amenity cost, a decrease in onsite work results in a lower composite of disutility
for onsite and WFH. Therefore, less onsite time is associated with a lower composite of
disutility for hybrid workers in those city-sector cells. This pattern is consistent with
the condition (62). A higher relative onsite disutility implies that the intensive onsite
productivity externality (d;s) is weakened by a larger discount from the composite of
disutility (d4s), resulting in a lower adjusted onsite productivity externality relative to
adjusted remote productivity externality and a lower optimal onsite share.

To further decompose the factors influencing whether the socially optimal share of
time spent working onsite is larger than the market equilibrium, pie charts 14(a) and
14(b) show the share of city-sector cells affected by different forces in two cases. The text

above the pie charts shows that 74 % of city-sector cells have an optimal share of time
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spent working onsite larger than the market equilibrium, while 26 % is the opposite.'?
This pattern is reflected in the average higher optimal share of time spent working onsite

in Table 3.
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Figure 14: Decomposition of Factors Influencing the Sign of the Gap

Note: 05%¢ denotes the socially optimal hybrid workers’ shares of time spent working onsite. #72** denotes
the hybrid workers’ shares of time spent working onsite in market equilibrium.

Figure 14(a) shows different scenarios for city-sector cells with a higher optimal share
of time spent working onsite. Among these cells, 35 % of them have the intensive onsite
productivity externality stronger than the intensive remote productivity externality. For
59 % of them, despite having onsite productivity externality weaker than the remote
productivity externality at the intensive margin, a lower onsite disutility drives a higher
optimal share of time spent working onsite.?? 3 % of them have a weaker intensive onsite
productivity externality and a higher onsite disutility. However, optimal employment
results in a higher relative onsite productivity in the social optimum than in market
equilibrium, which drives a higher optimal share of time spent working onsite. Figure
14(b) shows that for city-sector cells with a lower optimal share of time spent working

onsite, a weaker intensive onsite productivity externality is the main cause.

19 Although Figure 13 shows that some optimal shares of time spent working onsite are very close to
market equilibrium, they are not numerically identical.

20 When onsite disutility is smaller than WFH amenity costs, an increase in the share of time spent
working onsite decreases the disutility composite, leading the social planner to favor a higher share of
time spent working onsite.
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6.2.2 Employment by Work Mode
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Figure 15: Employment Reallocation by City-Sector-Work mode
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Note: Each point represents a city-sector cell. The gap between the social optimum and market equilib-
rium employment is calculated as Ax;, = (% — 1) x 100%.

Although Table 3 shows an increase in onsite employment and decreases in hybrid and
fullWFH employment at the aggregate level, the socially optimal allocation has decreased
onsite workers and increased hybrid and fullWFH employment at some city-sector cells.

The first three sub-figures of Figure 15 show the reallocation pattern of employment
from the social planner’s perspective. Compared to the original market equilibrium, the
socially optimal allocation reallocates workers from original relatively high-income sectors
to relatively low-income sectors. This pattern holds for onsite, hybrid, and fully WFH
work modes. As a result, the productivity in original low income sectors increase due to
the productivity externalities, leading a increase in income for those sectors. The last sub
figure of Figure 15 shows that sectors that original have high income levels tend to retain
relatively higher incomes after the reallocation, but the income premium declines.?!

The employment reallocation pattern is consistent with equation (F.48). According
to the estimation results from sector 6, the extensive margins of onsite and remote pro-
ductivity externalities are smaller than 1, suggesting that the productivity externalities
experience diminishing returns. Sectors with original high income tend to have high pro-
ductivity. Due to diminishing returns, the marginal productivity increase from having

more workers in the high-income sector is lower than in the relatively low-income sector.

21 This pattern is similar to Fajgelbaum and Gaubert (2020). Equation (F.48) in this paper is similar
to Equation (88) in Appendix D of Fajgelbaum and Gaubert (2020). Fajgelbaum and Gaubert (2020)
considers productivity spillover effect and mobility across cities. The socially optimal employment al-
location in their paper features a reallocation from large to small cities and a decrease in urban skill
premium.
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The productivity spillover effects are stronger in the relatively low-income sectors, which

drives the reallocation towards these sectors.

7 Conclusion

This study incorporate productivity spillover effects both within and between onsite and
remote labor in a quantitative spatial model. In the model, each worker selects a sector
and work mode in each city. Hybrid workers choose the share of time spent working
onsite and WFH. I estimate the extensive margins of onsite and remote productivity
externalities and cross-worksite spillover using model-implied instrumental variables. The
estimation results indicate that the onsite productivity externality is stronger than the
remote productivity externality at the extensive margin, and there is a notable efficiency
loss in cross-worksite spillover.

The socially optimal allocation differs from the market equilibrium in terms of share
of time hybrid workers spend working onsite and employment composition across cities
and sectors. The socially optimal share of time hybrid workers spend working onsite
depends on the relative onsite time elasticity adjusted by other sources of externalities.
A stronger onsite productivity externality relative to the remote productivity externality
at the extensive margin does not necessarily guarantee that the socially optimal share of
time hybrid workers spend working onsite is higher than the market equilibrium.

I apply the model to U.S. data at the CBSAs and industry levels. The quantification
results show that a substantial welfare gain in the socially optimal allocation is associated
with a higher share of time hybrid workers spend working onsite and more onsite workers
compared to the market equilibrium at the average level. However, there are variations
at the city-sector level. City-sector cells with a stronger (weaker) onsite productivity
externality relative to remote productivity externality at the intensive margin tend to
have a higher (lower) optimal share of time spent working onsite relative to the market
equilibrium. In addition, city-sector cells with larger onsite disutility relative to the WFH
amenity costs are more likely to have a lower optimal share of time spent working onsite

because the externality from the disutility composite weakens the premium of onsite
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productivity externality at the intensive margin. The gap between optimal and market
equilibrium shares of time spent working onsite tends to widen with the gap between the
onsite and remote productivity externalities at the intensive margin.

I consider optimal policies targeting the share of time hybrid workers spend working
onsite to simultaneously achieve optimal intensive and extensive margins of labor. The
quantification results show that implementing an externality tax to fund the subsidies for
onsite work is less costly than using income tax.

Several aspects are worth further exploration. First, this paper focuses on hybrid
workers and adopts simplified assumptions regarding the colocation of residence and
workplace and the stability of city size. However, WFH provides the feasibility of sep-
arating residence and workplace, which may lead to migration across cities in the long
term (Delventhal and Parkhomenko (2023)). Second, the model assumes the remote
productivity externality occurs within each city. However, the remote productivity ex-
ternality has the potential to extend beyond geographic boundaries. Third, this paper
considers socially optimal policies that target the hybrid workers’ work arrange. Other
optimal policies such as offering transfers across workers to adjust employment allocation
could also achieve the socially optimal allocation. Additionally, the model in this paper
assumes firms do not make policies about remote work. In the market equilibrium, the
number of employments across work modes and hybrid workers’ work arrangements is
jointly determined by workers’ choices and societal productivity levels. However, firms are
implementing return-to-office policies as documented by Ding and Ma (2023) and Flynn
et al. (2024). These policies may only partially and locally internalize the externalities
if they focus only on onsite spillover effects while overlooking the remote spillover effects
or ignoring spillovers to other firms. It is worth exploring whether firms’ return-to-office
policies bring the economy closer to the social optimum. I leave the extension to cross-
city mobility, cross-region remote productivity spillover, and other policy considerations

for future work.
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Appendix

A Empirical Facts

A.1 The WFH Shock
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Figure 16: Historical and current WFH trend
Figure source: Barrero et al. (2023).

Table 4: Summary statics for the individual level share of time spent WFH
Obs Mean Std.Dev. Min Max

share of time WFH (CPS 1997,2001,2004) 155,742  0.02 0.12 0.00 1.00
share of time WFH (CPS 2022,2023,2024) 1,036,136 0.14 0.31 0.00 1.00
(
(

share of time WFH (NLSY79 1988-2018) 75,298 0.04 0.14 0.00 1.00
share of time WFH (NLSY79 2020) 3,971 0.19 0.36 0.00 1.00

Note: The share of time spent WFH is measured by the ratio of hours worked from home to total
work hours in a week. The sample is laborforce excluding self-employed jobs, military jobs, or unpaid
jobs in family business or farming. The data sources are the CPS and NLSY79. The CPS data cover
three months from the work schedule supplement in 1997, 2001, and 2004 and 20 months from the basic
month survey spanning October 2022 to May 2024. The NLSY79 data include annual records from 1988
to 1993 and biennial records from 1994 to 2020. The 1988-2018 NLSY79 dataset spans 19 years. In CPS
2022,2023,2024, only workers with one job are included. For other periods of CPS and NLSY79 data,
the share of time spent WFH is calculated for individuals’ main jobs.
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Figure 17: Distribution of share of time spent WFH at individual level

A.2 Geographic and Sectoral Mobility Patterns

Table 5: Migration Shares of Home-Based and On-Site Workers Within 1 Year
Panel A: Shares in laborforce

2018-2019 2021-2023
Panel A: shares in labforce  on-site worker home-based worker ‘ on-site worker home-based worker
same house (%) 85.06 84.71 86.52 84.16
moved within CBSA (%) 10.25 8.15 8.74 9.33
moved between CBSAs (%) 4.27 6.44 4.26 6.04
abroad 1 year ago (%) 0.42 0.70 0.49 0.47
N (unweighted) 2,658,947 ‘ 4,052,222

Panel B: Shares in migrator

Panel B:shares in migrator  on-site worker home-based worker ‘ on-site worker home-based worker

moved within CBSA (%) 68.62 53.32 64.83 58.94
moved between CBSAs (%) 28.55 42.13 31.57 38.12
abroad 1 year ago (%) 2.83 4.55 3.60 2.94
N (unweighted) 365,680 | 505,624

Note: Data source is ACS. Samples are wage workers excluding unpaid family workers and military
workers. Each observation’s current or one year ago residence (PUMA or MIGPUMA) is matched to
one CBSA with the largest population share.

Table 6: Changes in the Sector of Primary Job Within 1 Year

2018-2019 2021-2023
fully WFH  hybrid fully onsite ‘ fully WFH  hybrid fully onsite
no change in industry (%) 96.64 31.11 94.40 95.71 33.44 93.88
change industry 1 time (%) 3.19 64.67 5.25 4.15 61.42 5.81
change industry 2-4 times (%) 0.17 4.22 0.36 0.14 5.14 0.30
N (unweighted) 666,746 | 799,997

Note: Data source is Survey of Income and Program Participation (SIPP). The survey collects observa-
tions at the person-month level. The primary job is defined as the job with the highest number of weekly
working hours. Changes in occupations and industries are measured at the 2-digit SOC occupation level
or 2-digit NAICS industry level. ”Hybrid” refers to individuals who worked from home at least one day
per week during the interview year.
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B First-Order Condition for the Share of Time Spent
Working Onsite in Market Equilibrium

This section shows the process of deriving the equation (7). The first-order condition of

the indirect utility function with respect to 6, given unit wage w and prices P, q is:
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0 B\"' ¢\
- (5) ()
1

C Optimal Share of Time Spent Working Onsite in

the Basic Model

In the one city one sector model with homogenous workers, the social planner’s problem
is

max uL,

c,h,K,0

o Cahl—&

RETON (C.1)
s.t. cL+ K =Y = ((0)L (goods market clearing),

hL = KYH'™" (housing market clearing).

where 6 = a(1-a)'~2, d(8) = C0-+((1-0). £(6) = [(A@)(1 — )T + (BOW)T] .
A(0) =a((1 - 0)L + 70L)*", B(0) = b(OL + (1 — 6)L)*.
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The Lagrangian function is:

cxhl—cx

d(0)

L —ul - (u - ) _B(L4 K —0)L) =G (AL— KTH™).  (C2)

The first-order conditions are:

~0u  ~-
dc: W—" = PL; (C.3)
—~Ju
Oh: W =L (C.4)
OK : P=gyK " H'; (C.5)
—du  =dU(h) -
ae . W@ —_— WL. (C-6)

To solve for the socially optimal share of time spent working onsite, I first express h, K
as a function of ¢ and then express ¢ as a function of . Combining first-order condition

with respect to consumption and housing gives

l—aP
-2, (C.7)
a q

h

Combining first-order condition with respect to tradable goods used to produce housing

(C.5), housing market clearing condition, and equation (C.7) yields

l—a -

K = vyeL. (C.8)

o
Substituting equation (C.8) to the goods market clearing condition yields

«

c= mﬁ(@). (C.9)

Substituting equations (C.8) and (C.9) to equation (C.5) gives the price ratio:

Total welfare ul = %E can be expressed as a function of share of time spent working
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onsite, where consumption and housing are determined by equations (C.7), (C.9) and
(C.10).

The next step is to combine the first-order conditions to consumption (C.3), share
of time spent working onsite (C.6), and equation (C.9) to obtain an equation that pins

down the solution for #. The first-order conditions to consumption (C.3) gives

Lo (C.11)
P au
The first-order conditions to share of time spent working onsite (C.6) gives
Wudd(6)/00 () -
— = L C.12
P d) 00 ( )
Substituting equation (C.11) and (C.9) to equation (C.12) yields
ad(9)/06  0L(6)/00
(6)/ = (6)/90 - F=a+v(1—a). (C.13)

d(6) ) "

Finally, I simplify the equation (C.13) to obtain an equation comparable to the one
used to solve 6 in market equilibrium. The social planner considers the onsite and re-
mote productivity (B(#), A(0)) as a function of the share of time spent working onsite.
Therefore, the percentage change in efficiency labor unit with respect to the share of time

spent working onsite is:

o0(0)/06 o1 po1—1
% = (4O -0)7 +(BOO)T | (C.14)
(AT (=0 (1) - (BEO) O E+Y]. (C15)
where § = %ﬁw) = A(1 —T)ﬁ denotes the elasticity of onsite productivity with

respect to share of time spent working onsite. 6% = % = A1 — T)(li(;)_%

denotes the elasticity of remote productivity with respect the share of time spent WFH.
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Substituting equation (C.15) to equation (C.13) gives

A0)7 (1-6)7 (ﬁd(é))(éR +1)+ 8‘2(99)(1 - 9)) (B(6) 67 (id(@)(évt 1) - ac;_gm
(C.16)
Rearranging this equation yields
o (BO\ [ AdO)6+1) - ad“’)e g
-0 (A(0>) | Fd(0) (6% + 1) + 240 (1 _ g) (C.17)
0 (BOY [ AdO)6+1)—do) +do) - 2y ]’
1-6 (A(9>) | Fd(0) (3R + 1) — d(0) + d(0) + 242 (1 — )] (C.18)
0 (BO\ [ (+dAO)(FGE+1) 1) ]
1—9‘(Aw0 ﬁ”+ﬂ@((ﬂH4J—U]’ (C.19)

where ¥ = a4+ (1 — ), A(0) = a((1 — 0)L + 70L)"", B(#) = b(OL + 7(1 — 0)L)*.

_ 9B(9)/BO) _ 0L R _ _0A(0)/A(0) R (1-0)L _
0 = 20/6 = Al _T)9£+T(1_9)L' 0" = o(1-0)/1—0) — = A1 - )m- d(9) =

0¢° + (1 — 0)¢. Another way to simplify equation (C.17) is

0 <B(9)>“ ( 7S+ 1) - G0 )p C.20)
—0 ~ ad(6)/d(0 ’ :
1-6  \A() F(0R + 1) + Gadad)
(BONT(AG D) -5 o
— LA®9) R+ 1) — o8 ) 7 '
ad(0)/d(0) __ (¢c°—¢)o o ad(0)/d(0) _ (¢—¢°)(1—0
where 04 = (3%9( 2 = d(H)) 0 = 8(1£9§§(£39) = d()e() 2.

D Optimal Policies in the Basic Model

D.1 Using Income Tax to Subsidize Onsite Work or Remote
Work

If the social planner uses income tax to subsidize onsite work or remote work, The dis-

posable income under this policy becomes

W(0) = IO)h(0), h(O) = (1—T)(1+s), (D.1)
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where I is income tax rate. s is the onsite subsidy (tax) rate. s > 0 corresponds to
subsidizing onsite work or taxing remote work; s < 0 corresponds to taxing onsite work
or subsidizing remote work.

The social planner’s budget constraint is

I(0)TL = I(6)(1 — T)sOL. (D.2)

Simplifying this equation gives the relationship between income tax and subsidy: I =

s6
1+s60°

Therefore, the share of onsite subsidy (tax) in gross income is:

SubstdyShinetar =

This share equals the share of income tax in gross income ! (9)1((19;9 ) =1-9.

Under the policy, the first-order condition to € in market equilibrium becomes

ad(0)/06  90(0)/00  Oh(0)/00
ae) o) ne)

(D.4)

where 0/(0) differs from the social planner problem in that onsite and remote productivity
(B, A) are taken as constant rather than a function of 6.

Workers’ choice after policy is

6  (B\"! C+HO)dO)O N\’ (D.5)
1-6 \A4 o H(0)dO)1—0)) '
where H () = dh}(z)géda = 1y Equating post-policy workers’ choice (D.5) to the social

optimum equation (11) gives the solution for H(#) and the share of subsidy in gross

income: )
H(0) = Z§ —¢ . SubsidyShinea: = H(0)0, (D.6)
d(6)0 + Zd(8)(1 — 0)
H(0)
- D.
TS HO) (D7)
where 7 — _SHOEE+)-1)

Co+d(0)(Y(6F+1)—1)"
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D.2 Taxing (Subsidizing) Remote Work and Subsidizing (Tax-

ing) Onsite Work

An alternative policy is that tax and subsidy are all related to the sources of externalities.
If the social planner taxes (subsidies) remote work and subsidies (taxes) the onsite work,

the disposable income becomes
w(0) =1(0)g(0), 9(0)=(1—-2(1-0))(1+10), (D.8)

where ¢ is the tax (subsidy) rate based on share of time spent WFH, ¢ is subsidy (tax)
rate based on share of time spent working onsite. The social planner’s budget constraint
is

I 2(1—0)L=1(0)(1—7(1—0)toL. (D.9)
Simplifying this equation gives the relationship between the tax and the subsidy:

o

Thus, the share of onsite subsidy (tax) in gross income can be derived as

I0)(1—2(1—0)t0 0

SubsidyShettar = = : D.11
DS featt 1(0) 1+ 0 (D-11)
This share equals the share of remote tax (subsidy) in gross income W =7(1-90).
Workers’ choice after policy is
B p—1 p

0 _ (B ¢+ G(0)d(6)e 7 (D.12)

1-46 A ¢ —G6)d(o)(1—0)

2
where G(0) = agée()egae =1 1t_(t:) (EB&)' Let post-policy workers’ choice (D.12) equals the
social optimum equation (11), I obtain

0*t* + (1 —0(1 —0)G*)t — G*(1 —0) =0, (D.13)

65



Therefore, the solution for the onsite subsidy (tax) rate is as follows:

1
t= g |10 =0)G + /(1= 0(1 - 0)G*)* +40°G(1 - 0)| , (D.14)
where G* = Z¢°— 7 _CHO)((6+1)-1)
d

(0)0+Zd(6)(1—6)" = — ¢oH+d(O)(F(6B+1)-1)"

E Social Planner’s Problem in the Full Model

In the full model, workers in the same city have the same expected utility. The social
planner maximizes the utility of an arbitrary city ¢ subject to the utility frontier defined

by resource constraints of all cities:

max Z ViL;
subject to

1. labor mobility constraint:

L\*
Vi <l (Lm) Vi, s, m, (E.1)
where ofy = LELER G — av(1 — a), dn(om) = o+ Gu(1 - o), 6 =
1,00 = 0,, € (0,1), and 6, = 0;
2. tradable goods constraint:
Y Q<Y Vi, (E.2)
SN I+ Ki<Qi, Q=Y Qui Vi, (E.3)
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where

n

n—1
Z ?]is (yzs)n”] 3 Yis = BZSL:;L + Bisgis (615> L?s + AiSLifs7

1/;::

p=1 p=1_ p

gis(eis) = [(Azs(ezs)(l - eis))T (Bis(eis)eis)T]ﬁa
Bis(eis) = Bis [Lg(ezs) + TLg(ezs)})\ >Ais(9is) = alS[L£(9Z3> + TLZ-BS<61'S)])\R7

Lg(eiS) = L{ + eisLh Lé(‘giS) = L{s + (1 - eiS)Lh ;

189 189

Qni refers to the tradable goods produced in city n and sold in city i. Y Qi is
the total tradable goods produced in city ¢ and sold to other cities (total export).
Qi = Y, Qi is the total tradable goods that city ¢ purchased from other cities

total import).
(

3. housing market clearing:
SN AL < KJH!T Vi (E.4)

4. labor market clearing:

> Lr=1, Vi (E.5)

The Lagrangian function for the social planner problem is:

3:ZWEi—ZZWiT (VQ—U;‘? (LE:%>“>

)

_Z@ (ZQm —Yz> —ZE (ZZC;ZLZLJFIQ —Qi> (E.6)
X (ZZWLZ’;—KZHS‘T) —> e (ZZL;’;—L) .

7

Under the free trade assumption, prices of tradable goods are equalized across cities.
Final goods price corresponds to the multiplier of goods market clearing. So, I use an
equalized multiplier é = P to match with the price vector in the market equilibrium.

The first-order conditions with respect to consumption, housing, share of time spent
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working onsite, tradable goods used in housing production, and employment are:

— v (L \"
ol - Wit 610};2 (Lm) = PL;Z,VZ s, m; (E.7)

— 1

m L ra
Oh - VVZTme ( ;) =q L} Vi, s,m; (E.8)
OK; : P, = Gy K) Y H! ™7 Vi; (E.9)

— 1
— ol (L;\° _ oy, .

1 /L \° : ~
aL;Z : _Wm is = ( Tm +pz - chg - (jlh;z — € = O,Vi, S, m. (E12)

18 ZS

According to the first-order condition with respect to trade flow (E.11), the multiplier

ﬁn = ﬁz = P.
Consumption and Housing

Substituting labor mobility constraint (E.1) to first-order conditions with respect to con-

sumption (E.7) and housing (E.8) yields

wnv; 1—a)WmV,
en =l ?Zz—( fé)m” : (E.13)
PL® qi L
Define I™ = Pe™ + g;h. Based on equation (E.13), I™ becomes
- _ wnv;
Liy = Peig + qihis = — o (E.14)
Then, the solution for consumption and housing can be written as
Im
o= 2 (E.15)
P
1—a)l™
hm = ( NO‘> (E.16)
di
Therefore, utility can be expressed as v]? L

~1—
Pu adnSL (e'm)

68



Final goods used to produce housing

Combining the first-order condition with respect to K; (E.9) and housing market clearing
(E.8) yields

wpm _ K P
ZZthw == (E.17)

Substituting A" = ) = to equation (E.17) yields

_1(1—0) o pm
- Z;[L (E.18)

Based on equation (E.9), the multiplier of the housing market clearing constraint is:

- P

4 = W (E.19)

Substituting equation (E.18) to this equation gives the solution for ¢;:

_ (P (a-a. s e
7 = (;) < , > : (E.20)

Employment

Rearranging labor mobility constraint (E.1) gives L7 = <UV£> L;. Substituting this

Q=

equation into the labor market clearing yields V; = (3, Zm (vi)?)e. The solution

for employment is L = (Ug> L;, where v = el = (2, 2, ()77

Vi Pagil=agm(om) ’

Q\'—‘

Simplifying this equation gives the solution for employment:

Ly = (7> L, (E.21)
®;

where 5?;—%:;(9?1 <I) = (Z S ( > )3.
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Individual Expenditure

Substituting labor mobility constraint (E.1) and equation (E.14) to the first-order condi-

tion with respect to employment (E.12) yields

~ o ~ 0Y;
I = —— <P 5L el> , (E.22)

where 5?2/;1 = %—Yf(yf; + > g:'i:b) Substituting equation (E.15) and (E.18) to the
import constraint (E.3) gives:
1— -
0= 4l=a) S Y. (E.23)

B P

S m

Substituting equation (E.22) to equation (E.23) gives the solution for the multiplier of

labor market clearing:

~ Lm oy, L~
ei:pzz(ia%)_“jlzz L, (E.24)

Substituting equation (E.24) to equation (E.22) gives the solution for a worker’s ex-

penditure:
~ oP 0Y, oP L™ 9y, L~
mo— i Zis 770 s ym E.25
aY; Y\ " Oy
where L = Uis (;) azg Vm € {o, h, f}; (E.26)
3%3 o ast

L +y™ Vm; (E.27)

agls 915 aAzs agzs 913 ast aAzs
L? +ﬁisL§;< (6:s) 1 9ul0s) >+

oL® — oLp 0A;s OLY 0B, oL®) oLy "
yfs = B, y'ﬁs = Bisgis(eis)a yzhs = As; (E-QS)
oL,  LE+7LA oLk LB+ 7L ©ooL!l LE+TLY '

8Ais T)\RAZ'S 81425 . )\RAls(l — Qis + 7—91'3) 8A,8 )\RAZ'S

oLe, LA +rLB' L LA+ 7LD oLl LA+ LB

18

(E.30)
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agls(els) _ gzs(ezs) % p—1 8615(925) B fzs(ezs) % p—1
OB, - < B;. (st) ) IA., = A (1 915) . (E31)

Shadow Price of Tradable Goods

According to tradable goods constraints (E.3, E.2), total consumption of the economy

equals total production:

ZQZ- =3 Qui= Zm. (E.32)

Substituting equation (E.23) to equation (E.32) and rearranging the equation yields the

multiplier of tradable goods constraints:

Hybrid workers’ share of time spent working onsite

Substituting labor mobility constraint (E.1) to the first-order condition with respect to

share of time hybrid workers spend working onsite (E.10) gives

W 1Y, d(6:)

= = — E.34
P Vi 00;s adﬁs(eis)/ﬁgis ’ ( )
where d(0;s) = €0, + (;s(1 — 0;5). Substituting equation (E.34) into ¢? = agfﬁn‘/ gives
the total consumption of hybrid workers in a city-sector cell:
dr(0;s) O,
PLE = — - E.35
Gt = B (6,5)]06:5 00, (E.35)
Substituting (E.15) into equation (E.35) and rearranging the equation yields:
s ] TSy SV TS E.36
Z(0:) £ (0. (F:30)
poYi
F, = 90is (E.37)

~h h 8615(613)/8915 ’
[isLis lis(0is)

where the numerator of F;; denotes the value of the marginal product of hybrid workers’

onsite work. It measures the change of city ¢’s total product in response to the change in
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share of time hybrid workers spend working onsite in sector s. The denominator of Fj
reflects the change in the total income of all hybrid workers in the sector s in response to
the change in share of time hybrid workers spend working onsite. Overall, F;; compares
city-wide effect to the sector-work mode effect.

Similar to Appendix C, the interior solution of share of time hybrid workers spend

working onsite is characterized by the following equation:

6’?8 o B15(9j5> o CiS + dils(ejs)(FlS(é’LS + 1) — 1) g (E 38)

povi

aeis
where Fj; = L 0 0.0/00 (E.39)

157718 Lis(0;s)
1
6Yz _ }/z n ast Ezs(ezs) h aAzs f

=VYis | — L? is L; 5 L; , E.40
aeis Y (yzs> (agzs e * ﬁ aezs " * aezs " ( )

B; 7 Ais _ _
%Qfs = b ALY + 7L (1 = 7) L, ga = @ N+ rLEN T (r = 1)LL,
(E.41)
8&8 1 1-1 -1 R 1-1 _%
00, = (lis(0is))7 | —(Ais(0is)) 7 (1 — 0i) "% (055 + 1) + (Bis(0is)) 205" (dis + 1) |,
(E.42)
- oP 9%, o P ROV 1 S
= — — - — "L E.4
]'Ls O-_|_]_8L£ls U+1LZ§; LZSaL;Z +LZ§ a is s ( 3)
ast(ezs)/st ezsLh
g = LT \(] — )t E.44
O = OB T (B4
o= = A1 — 7)o s E.45
s D1 — ) /(1 — 0:3) (1=7) LA+ rLB" (E.45)
L =1 40, L0, LA=LI +(1—-0,)L". (E.46)

Equation (E.38) can be expressed as the following as well:

G (BOIN(Flu 1) -0 (B.47)

18
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-~ 0(1=0:5)/(1=0is) d(0s)

Equations (E.15), (E.16), (F.53), (E.18), and (E.38) correspond to equations charac-

_ adzs(ezs)/dzs(ezs) _ ( ._C’LS 18 R adzs(ezs)/dzs(ezs) (Cis_ekti)(l_eis)
where 94,5 = 0T = 5d i )
terizing solutions for consumption, housing, employment (44), tradable goods in housing
production (47), share of time hybrid workers spend working onsite (27) in the market

equilibrium. I

m P, G correspond to income (I77), goods price index (P), and housing

prices (g;) in market equilibrium. The socially optimal allocation consists of consump-
tion, housing, tradable goods used to produce housing, employment, and share of time
hybrid workers spend working onsite characterized by equations (E.15), (E.16), (E.18),
(F.53), (E.25), (F.49), and (E.38).

F The Algorithm for Solving Socially Optimal Allo-
cation

Given parameters (o, 7, p, k, 7, A, \?), exogenous variables (L;, t;), and shifters (s, bis, @is, Bis, Cis,

€2, €l el ), T solve for socially optimal expenditure (12, I, I, employment (L2, L, L),

and share of time hybrid workers spend working onsite (6;,) using the following algorithm:
1. Guess Lg, LI, and LI, such that 3. (L9 + L + L) = L;. Guess expenditure

12, 1" I and the share of time hybrid workers spend working onsite 6.

187 718 1189

2. Calculate expenditure

o ~ 0Y;
[m = P— —¢ F.48
B = (P — 1), (F.149

= (a+r(l—a)d > 2, IZ?L’"
where P = Zin‘

oy,  Y; oy
=Ly § : is F.

m'e{o,h,f} ~ *

(F.49)

yzqs = B (LZZ? ) yzs BZS ZS( 159 )’yz]; - A (LZ?,G ) (F51)

- m gy,
PEE(Tom) - TR o
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3. Update employment

LZ';L::’Le'w = (%) Zi? <F53)
;

- 1
Imem

where ¢} = T (O P, = <Zs >om ( ZL) >U~

4. Update share of time hybrid workers spend working onsite:

Qis,new -

B(0:)\ " [ Gt dus(0:) (Fia(6s + 1) = 1) 7]
H (A(0i8>) [ekti + dis (05s) (Fis (01 + 1) — 1)} ] ’ (F.54)

QisL?s R R (]‘ — QZS)L?S
where 61'5 = )\(1 — T)m, 51’3 =A (1 — T)m, <F55)
LE(6;) = LS, + 0, L, LA(6;) = LI, + (1 — 6;,) L1 (F.56)
pov
00.. (F.57)

T Th 1 h 04is(0:2)/00:s
IisLis ‘eis(eis)

m
Lis,new _ 1

~m

Iis,new _ 1
m

Lis

Tm
Ii s

9i.9,new _
97ls 1

5. max{\gi‘zﬂ—ﬂ},lfmax{ ,Vi,s,me{o,h,b}}

is larger than a sufficient small number, set set © = 0.5240.5Z e, © € {0;5, I7,

Y Y

m
Lis

and start from step 2, otherwise obtain the solution for 6;,, TZ’?, L.

G Optimal Policies in the Full Model

This section discusses policies for achieving a socially optimal share of time spent working
onsite for hybrid workers similar to the basic model (section D). The implicit assumption
is that there is no transfer across cities and sectors. If the social planner uses hybrid
workers’ income tax to subsidy (tax) hybrid workers’ onsite work time, the share of

onsite subsidy (tax) in gross income is:

Zise — Gis

SubsidyShireter = =

0; (G.1)

1S9

gis +dzhs (ejg)(Flé (5is+1) _ 1)
ektitdl (0 )(Fis(6F+1)-1)"

where Z-s =
If the social planner taxes (subsidies) hybrid workers’ remote work time and subsidies

(taxes) the hybrid workers’ onsite work time, the share of onsite subsidy (tax) in gross
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income 1s:
*
tiSeis

SubsidyShertor — —L7is
uostaysn;, 1+ti50;<8’

(G.2)

1
where i, = ooy | <1+ 03,(1 = 6)G7, + VU= 05,1 = 62)G5)2 + 462G, (1 — 63,)
(G.3)
vaA kt; _ ~
Gr, = s5€ 7" Gis . (G.4)

max
is s

In equation (G.1), (G.2), employment and share of time spent working onsite L!

refers to the socially optimal labor allocation.

H Data

This section shows the details of deriving residual wages by city-sector-work mode, sum-

mary statistics of data, and recovered shifters.

Residual Wages

To obtain the residual wages, I firstly run the mincer regression to obtain individual

residual wages for each period:

(W) = ¢+ BXy + €, (H.1)

where (n(W,,) is the log of individual-level hourly wages (2020 dollars). X, are
control variables including 3 groups: (1) demographic variables: age, age squared, edu-
cation, education squared, experience, experience squared, race, gender, marriage status;
(2) variables used to control the sorting effect of WEH: number of own children under
age 5, Dingel and Neiman (2020)’s WFH feasibility index at detailed occupation level,
interaction terms of this index and education, experience, age, and marriage status, re-
spectively; (3) other variables that affects the wages: industry, occupation, year fixed

effect. Next, I calculate the average residual wages by averaging residual wages by city,
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sector, work mode, and months:

1 1
avgResigualW age; sy, = T Z T Z Ew(ismt) | > (H.2)
t sm

wed{i,s,m}

where L, is the employment at a city-sector-work mode cell, T" is the total number of
months.
Finally, for imputing wages for city-sector-work mode cells that have positive employ-

ment, [ run the following regressions:

avgResidualW age;s, = ¢+ dis + dipp + dgm + €ism (H.3)

avgResidualW age;s, = ¢+ d; + dg + dyy + €im, (H.4)

where residualWage;s,, is the average residual wages at city-sector-work mode level. ¢
is a constant. d;, refers to the 2-way fixed effect at the city-sector level. d; refers to
the city-level fixed effect. The imputed wages use fitted values of average residual wages
(aUgRemlWageism = ¢+dis + i + dayy) from the regression (H.3) if the fitted values
is positive. If the fitted values from the regression (H.3) are negative, then imputed wages

using the fitted value of residual wages from regression (H.4). Figure 18 compares the

wage distribution before and after imputation.

(a) onsite (b) hybrid (c) fully WFH

Figure 18: Distribution of Data Wages and Imputed Wages

Note: If a city-sector cell has positive employment but missing wages, I impute wages using the fit-
ted values of fixed effect regressions. If there is zero employment in a city-sector-work mode cell, the
corresponding wage is set as nan.
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Summary Statistics of Data

Table 7: Summary Statistics of Variables Used for Recovering Shifters

Observations Mean S.D. Min Median Max
Ounsite Wages 3232 1.06 0.31 0.31 1.04 8.77
Hybrid Wages 2512 1.21 0.55 2.77e-03 1.12 7.22
Fully WFH Wages 2415 1.22 0.66 5.96e-03 1.12 18.52
Ounsite Emloyment 3249 2.95e+04 7.91e+04 0 8612.39 2.29e+4-06
Hybrid Emloyment 3249 546546 1.35e+04 0 2845.34 2.80e+05
Fully WFH Emloyment 3249  5308.78 1.24e+04 0 2731.42 1.84e+05
Hybrid Workers’ Share of Time Working Onsite 2512 0.60 0.15 0.08 0.59 0.98
Commuting time 260 21.25 3.32 13.29 20.84 35.72

I Numerical Algorithms

I.1 Recovering endogenous productivities and shifters

This algorithm recovers endogenous productivities and other shifters without making
assumptions about the function form of the externalities or knowing the parameter of
the productivity externalities (A, A, 7). Specifically, given parameters (0,7, p, k) and

wage We, Wh wi

o Wi, Wi, share of time hy-

variables in the data (employment L2, L L{

187 187 187
brid workers spend working onsite 6,5, commuting time ¢;), I recover the endogenous

h

productivity (A;s, Bis) and the structural shifters (s, Bis, €%, €14, ef;, Gis) as follows:

1. Guess Ai87 Bis> Ef)h Bz‘s‘

2. Calculate total output by city using wages and employment in all sectors and work

modes:
1 m m
where the price index is normalized P = 1.

3. Calculate the city-sector-specific productivity shifter:

1
Wis Yis n 1
_iS: Eva ) 1.2
TP (Y) is (L2

where city-sector specific total wages Wi = > WL™ ;o = B L +Bslis(0is) LI+

p— P

AL, 0is(0i) = [(Ais(1 — 0:)) % + (Biyis) 7 177

189
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4. Calculate the city-sector-specific unit wages implied in the data:

Y\ n .

5. Recover exogenous hybrid productivity using hybrid wages:

§ = ———— | 14
BZS gis (eis)wis ( )

6. Recover the onsite productivity using onsite wage:

o
Wi

Wi

(L5)

Bis,new =

If a city-sector cell does not have onsite workers but has hybrid workers, normal-

ize B;s = 1 and recover onsite productivity according to hybrid worker’s wages

(is(0:5) = Z]V:) and the definition of ¢;5(6;s):

Wi

h p%l p—1 rt 1
Bis,new = [(Ww) - (Azs(l — eis))T —_—. (16)

h
Recovering B;; using this euqation requires ‘:UV—ls > A;s(1 — 0;5). If the previous
two methods fail to recover onsite productivity and the city-sector cell has hybrid

workers, update onsite productivity as follows??
B —B+B—1Z§+1Z§ (1.7)
s,new K3 s S - 18 N Z 18 *

where B is Bijs new recovered from previous 2 methods.

7. Recover remote productivity using fully WFH wages:

f
Wis

Wi

(L8)

Az‘s,new -

22 The idea is using the fitted value of a fixed effect regression to recover the missing B;,. Consider
the regression Bis = d; + ds + e;5, where d;, d; are city and ﬁector fixed effects respectively. e;s is the
residual. The fitted value of the regression is Bis = d; +d, =3 Z Bis + w Z Bi,.
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Similarly, if a city-sector cell does not have fully WFH workers but has hybrid
workers, normalize ;s = 1 and recover remote productivity using hybrid workers’

wages and the definition of ¢;4(6;;)

p—1

h o o—
Ais,new = [(%) - (Biseis)Tl

(1.9)

Wis

h
Recovering A;s using this euqation requires YUV > B;.0;s. If A, is not available

18

from previous methods and a city-sector cell has hybrid and fully WFH workers,

recover A, using the average index:
18, new 7 S S - 18 N - 18 .

where ﬁis is Ajs new recovered from previous 2 methods.
8. The first-order condition of the indirect utility function with respect to 6, is % =

p—1 )
<%> (Zﬂ)p Given B, and A;, recover WFH amenity cost (;; based on this

equation:

Gis = |~ . (1.11)

In the following cases, the WFH amenity cost cannot be recovered using equation
(I.11): (1) a city-sector does not have hybrid workers so 6;, in the city-sector is not

available; (2) a city-sector does not have fully WFH workers and the wage ratio

wh .
we > 0;s, therefore A;s is not

between hybrid and onsite workers do not satisfy

available. In these cases, use the following index (Q:ls) as the WFH amenity cost:
Gommtrn =Y =3¢ (112)
s T~ s S - 18 N Z 18- .

9. Recover labor supply shifter based on the labor supply equation (29):

1
drop) (L7 ~
m_ QW) (2 )7 113
T (L) 19
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where d(07) = ¥ 4 (;o(1 — 077).02, = 1,60, = 6, € (0,1), and 6, = 0.

X}

10. Update CT)Z

~ P;

D new = N [.14
e = 3t (L14)

o L

Whniem o

where & = |53,57,, (k) |
Ais new Bis new :I;'L new . :

11. If the error mcw{ e - 1‘ TR 1‘ e -1 Vz,s} is larger than a suffi-

ciently small number, set © = 0.5z + 0.5Z e, © € {Ass, Bis, CT)Z}, and start from step

2, otherwise stop iteration and obtain the solution for A, Bis, 51 and the shifters
gi& Cisa 67?8, E?sa 6{3'

Given the value of the externality parameters (7, A\, \¥), T can further recover the

exogenous onsite b;; and exogenous remote productivity a;:

bis = Bis [LE(6:) + 7LA(0:1)]

L s = A [LA(0i) + TLE(0:)]) 7, (1.15)

where LB(6;,) = Lo, + 0, L1, LA(0;,) = LI 4+ (1 — 0;,) L.

I.2 The Algorithm for Solving Market Equilibrium

Given parameters (o, 7, p, k, 7, A, \'), exogenous variables (L;, ;), and shifters (s, bis, Gis, Bis; Cis,

€2, el el ), T solve for wages (W2, W, WZ), employment (L2, L

1S9 “1S) Vis 1S9 189 18 187 sy

L!), and share of time

hybrid workers spend working onsite (6;5) using the following algorithm:

h
Lis?

1. Guess L?

187

and L7, such that 3" (L% + L%+ L)) = L;. Guess the total wage for

workers in different work modes We, Wh W/

187 187 189

share of time hybrid workers spend

working onsite 0,5, and welfare index EI;,

2. Solve for the share of time spent working onsite for hybrid workers:

where Ais = ézs[Lfg(Hw) -+ TLg(@iS)]AR s Bis = Bis [Lg(@ls) + TLé(eis)})\, LB(9Z5> =
Lo + 0L, LA6;,) = LY, + (1 —6,,) L1,

is)
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. Solve for the city-sector specific unit wages:

15

3|~

P

where Yis = stLgs—i_ﬁ'Lsgzs(els)L?s—i_AzsL{S 6@3(‘%3) - [(Azs(l - 6is)>%+(Bi39i3)%]ﬁ-

n—1

Y, = [ZS (g,-s(yis)Tﬂ ﬁ. Update total wages for workers with different work

modes:
Wi(;,new = wisBisa Wi’;,new = wisﬂisgis(eis)7 VVij;new = wisAis‘ (118)
. Update employment:
L= 1%2) L 1.19
B = () (119
where ¢ = Z/nf%;ﬁ). dm(0m) = eMigm + (Go(1 —0m). 02, = 1,08 = 0, € (0,1), and

0L =0. @, = [, 5, (¢m)7)°.

. Define reference city as i;. Update D;:

~ P,
D new = F 1.20
e = 3t (120)
m\o1E  m Wmem
where @ = 32, 7, (#)7)7, 612 = gy, m € {o. . f}.

. Check the labor market clearing. Define the error ey = Wi — Wii'o . .m €
{o,h, f}, where Wi suppiy 18 total wages calculated by rearranging the labor supply
equation: 1

LN\ &,dn (0%
iTsupply = (__ZS) lS( 15) (121)
’ Lz EZL
) Ifmax{ % — 11, ;2;;51” — 11, % — 1‘, @’é;% — 1|, e, Vi, s,m € {h,b}}

is larger than a sufficient small number, set set © = 0.5240.5Z 40, © € {05, W/, L, EIVDZ-, em

and start from step 2, otherwise stop iteration and obtain the solution for 6;,, W7, L.

18
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I.3 The Counterfactual Employment

The following process shows the construction of counterfactual employment, which is the
model predicted employment with the onsite and remote productivity for each city fixed

at the average levels.

1. Use data and the algorithm in Appendix 1.1 to recover the endogenous onsite (B;),

remote productivity (A;s), as well as other shifters.
2. Calculate the average productivities across cities A; = %ZSS A, B = %Zf Bi,.

3. Give A;, B;, and other shifters and parameters, solve for counterfactual employment

Lo, Lh Lf using algorithm in I.2. When applying the algorithm, replace A;s and

187 187

B, with fixed values A; and B, rather than solving A,, and B;, as a function of

employment and the share of time spent working onsite.

J Parameters and Shifters for Quantification Anal-

yse

Table 8: Errors for Moment Conditions

Error
cov(ed,, Yisbis) =0 1.51e-03
CO’U(&Ls? gzsazs) 0 4.16e-04

(
(

is: Bis$2) =0 -2.30-03
S by =0 8.960-04

cov(t;, Ss%s) =0 -7.62e-05

Note: All covariances in this table are weighted by the city-sector cells’ employment.

Table 9: Parameters for Quantification Analyse

Parameter Description Value Target/Literature

A Extensive margin of onsite network externality 0.088  cov(e?,, Yishis) = 0

AT Extensive margin of remote network externality 0.068 cou(e ny Uistis) = 0 and cov(e;s, /3,3%;) =0
T Cross-mode productivity contribution 0.009 cov(f% EA) =0

p Elasticity of Substitution between WFH and onsite work 1.304  cov(t;, =) =0

o Labor supply elasticity 1.26  Burstein et al. (2019)

n Labor demand elasticity 0.8 Lichter et al. (2015),Beaudry et al. (2018)
k Elasticity of commuting costs 0.01  Ahlfeldt et al. (2015)

11—« Share of consumption in housing 0.24  Davis and Ortalo-Magné (2011)

price elasticity of housing supplied 1.75  Saiz (2010)
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Table 10: Recovered Shifters

Observations Mean S.D. Min Median Max
city-sector sepcifc productivity (7s) 3249  0.05 0.05 9.95e-05 0.04 0.34
exogenous onsite productivity (BZ-S 3239  0.92 0.60 0.11 0.73 11.44
exogenous hybrid productivity (5;,) 2512 0.13 0.08 8.34e-04 0.12 1.02
exogenous remote productivity (a) 2751  1.23 0.75 6.12e-03 1.04  9.02
endogenous total onsite productivity (B;s) 3239 2.08 1.23 0.19 1.75  22.20
endogenous total remote productivity (A;s) 2751 221 1.35 0.01 1.90 15.90
onsite labor supply shifter (£9,) 3249  0.12 0.08 0 0.10 0.64
hybrid labor supply shifter (el}) 3249  0.04 024 0 0.03 13.81
fully WFH labor supply shifter (Ef;) 3249  0.07 0.19 0 0.04 8.33
WFH amenity cost (i) 2751 236 2.23 0.19 1.73  24.58

K Estimating the Relative Strength of Productivity
Spillovers

This section uses the following regressions to estimate the difference between remote and

onsite spillover elasticity.

In(W,) =c+ BX, + €, (K.1)

Wi 11
In (Wz{jmsite> = ()\R - A)ln(Lzs) + ﬁz + Bs + €is, VVZSn = TW Z é;n, (K2)

ist wed{i,s,t}

where equation (K.1) produces the individual residual wages €,,. W/ is the average resid-
ual wages for onsite or remote workers in city ¢ and industry s. The set of control variables
X, consists of 3 groups: (1) demographic variables: age, age squared, education, educa-
tion squared, experience, experience squared, race, gender, marriage status; (2) variables
used to control the sorting effect of WFH: number of own children under age 5, Dingel
and Neiman (2020)’s WFH feasibility index at detailed occupation level (aggregated level
if the detailed level index is not available), interaction terms of this index and education,
experience, age, and marriage status, respectively; (3) other variables that affects the
wages: industry, occupation, year fixed effect.

The instrumental variables used to identify A — )\ are the sum of labor supply shifters
or counterfactual employment by work mode for each city and sector. Labor supply

shifters are recovered using the algorithm in I.1. Counterfactual employment is obtained
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using the algorithm in [.3.

Using counterfactual employment as a model-implied IV is similar to the approach in
Rossi-Hansberg et al. (2019). In the model, employment and wages are simultaneously
decided. The increase in employment in a sector or work mode leads to an increase
in productivity and wages, which attracts more workers to choose the sector or work
mode. Counterfactual employment is the model-predicted employment with the onsite
and remote productivity for each city fixed at the average levels. By fixing productivity,
I control the channel that higher wages lead to higher employment in a sector or work
mode.

The following regression results indicate that most linear estimates of the difference
between remote and onsite agglomeration elasticities range between -0.06 and 0.

Table 11: Relative Strength of Remote and Onsite Spillovers
Panel A: CPS data

OLS TV: labor supply shifter IV: counterfactural employment
) ) ®) ) B) ©) Q) ®) ©)
In(WFH wage premium)  In(employment)  In(WFH wage premium)  In(employment)  In(WFH wage premium) In(employment) In(WFH wage premium)  In(employment) In(WFH wage premium)
In(employment) 0.0403** -0.0336** -0.2467* 0.0063 -0.0367
(0.0061) (0.0158) (0.0576) (0.0126) (0.0267)
In(labor supply shifter) 1.2085*** 0.8263**
(0.0181) (0.0462)
In(counterfactal employment ) 1.0155*** 0.9742°*
(0.0024) (0.0047)
City FE No Yes Yes Yes Yes Yes Yes Yes Yes
Industry FE No No No Yes Yes No No Yes Yes
Obs. 2,401 2,401 2,401 2,401 2,401 2,401 2,401 2,401 2,401
R? 032
K.PF 4,466 . 320 181,185 . 42,929
Panel B: ACS data
OLS 1V: labor supply shifter IV: counterfactural employment
) @ ® @ ®) © Q) ® ©
In(WFH wage premium) In(employment) In(WFH wage premium)  In(employment) In(WFH remium)  In(employment) In(WFH wage premium) In(employment) In(WFH wage premium)
In(employment) 0.0126*** -0.0079 -0.0557** -0.0074 -0.0420"**
(0.0032) (0.0077) (0.0188) (0.0073) (0.0148)
In(labor supply shifter) 1.2270%* 0.7218°*
(0.0150) (0.0406)
In(counterfactal employment) LOA1T* 0.8294°**
(0.0058) (0.0166)
City FE No Yes Yes Yes Yes Yes Yes Yes Yes
Industry FE No No No Yes Yes No No Yes Yes
Obs. 7,978 3,159 3.159 3.159 3,159 3,159 3,159 3.159 3,159
R? 009
K.P.F 6,704 316 32,315 2487

In panel A, the data source is the CPS from 2022 to 2024. The WFH wage premium refers to the ratio
of residual wages for fully WFH workers to residual wages for fully onsite workers. In panel B, the data
source is the ACS from 2021 to 2023. The WFH wage premium refers to the ratio of residual wages
for home-based workers to residual wages for commuting workers. Robust standard errors are shown in
parentheses. p < 0.1,% *xp < 0.05,% % *p < 0.01. Regressions are weighted by employment size at the
CBSA-industry level.
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