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Abstract

Is working from home (WFH) good for the environment? The rise of remote work has
raised questions about its environmental and urban impacts. While reduced commut-
ing can lower emissions, increased residential energy use and shifts in spatial patterns
complicate its overall effects. In this paper, we develop a quantitative spatial model of
Swedish cities incorporating sector-specific remote work adoption, commuting modes,
and residential choices. We find that remote work leads to reductions in aggregate emis-
sions, mainly driven by decreased commuting, despite longer trip distances. Residential
emissions increase, but emissions reductions from commercial sectors dominate. Remote
work also delivers positive welfare effects and modest shifts in urban population and em-
ployment, with the densest municipalities generally gaining residents and workers.

1 Introduction

Nowadays, a significant portion of employees engage in partial remote work. The Covid-
19 pandemic has notably reshaped perceptions of remote work, leading both individuals
and employers to choose a higher proportion of WFH compared to pre-pandemic times.
A recent survey conducted in 27 countries around the world found that WFH averages
1.5 days per week, with workers expressing a desire for more days (averaging 1.7), while
employers plan for a lower frequency (0.7 on average) (see Aksoy et al. (2022)). Although
these figures exhibit considerable variation among countries, it is widely acknowledged that
post-pandemic WFH levels will surpass those observed prior to the pandemic. The transition
towards remote work patterns raises numerous questions, including the potential effects of
hybrid working arrangements on the size and structure of cities, as well as whether this shift
will yield environmental benefits. In this paper, we aim to address those questions using a
quantitative urban model for Swedish cities.

1



Remote work might sound more sustainable from an environmental perspective, since
workers do not have to commute to work daily. Indeed, if commuting is significantly reduced,
there will be important benefits from the reduction of local and global pollution.1 At the
same time, WFH implies smaller office space and larger apartments that will include home
office space. Thus, less energy will be used at the office, but more energy will be used
at home. Office buildings, though, are designed to be more energy-efficient than homes.
Moreover, home office space is likely to be larger than the office space per employee, which
means that more energy is needed to heat or cool the home office than the office at work.
Last, if people move to the outskirts of the city, commuting per trip will be longer, leading to
higher emissions per trip. It is, thus, unclear if WFH will be good for the environment.

The impacts of these shifts may also exhibit significant variation across cities. Cities
have different sizes and specialize in different industries, which will influence the extent of
on-site work requirements (see Monte et al. (2023)). Furthermore, commuting distances and
modes of transport used for these trips vary widely across cities. Additionally, workers will
need to allocate space within their residences for use as a home office, while there might be
an excess of unutilized office space if a substantial portion of the workforce operates from
home.

To study the environmental impacts of WFH, we develop a quantitative spatial model,
which can be used to study the reallocation of employment and residences across space. We
then quantify our model to match the observed distributions of employment and residences
in Sweden across 2,290 locations. WFH fractions depend on the industry, while workers
choose where to live, where to work, as well as their commuting mode. Indeed, commuting
choices vary among workers and depend on the distance and the availability of commuting
modes. Three options are explored: private vehicles, public transportation, and bikes.

After calibrating the model, we conduct a counterfactual exercise where we simulate
a sector-specific and uniform increase of WFH. To assess the teleworkability of different
sectors, we use survey data from Sweden, reporting the fraction of WFH during the strictest
Covid-19 measures and when those measures were relaxed.

Our results suggest that aggregate emissions decrease, the effect being mainly driven
by reductions from commuting emissions. While commuting distances increase, the envi-
ronmental benefits of lower commuting frequency dominate. Emissions from floorspace
consumption increase in the residential sector due to lower rents but the effect is dominated
in the aggregate by larger reductions in emissions in the commercial sector. We also find
that the increase in remote working has significant and positive welfare effects. Finally, our
results suggest that there is a small impact on the location decisions of workers and firms.

1The transport sector is the most important contributor to urban air pollution as it accounts for more than
50 percent of local pollutants (NOx and PM10) in many European cities (Font et al., 2019).
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Overall, the densest municipalities gain both residents and workers. However, these results
vary across cities, where the densest municipalities in Stockholm gain residents, while the
opposite is true for the two second largest cities in Sweden; Gothenburg and Malmo.

Our paper contributes to the literature that studies the impacts of remote work on the
structure of cities. A significant and consistent finding across multiple studies is that the rise
of remote work has reduced the necessity for workers to live close to central business districts,
driving a decentralization of urban populations. Recent contributions of spatial models that
examine how hybrid working schemes affect the demand for housing and office space, land
rent prices, urban productivity, the internal structure and the size of cities include Behrens
et al. (2021); Monte et al. (2023); Brueckner (2024) and Kyriakopoulou and Picard (2023).
Reduced commuting costs and the growing preference for larger homes with dedicated
home-office space are the main drivers of these shifts, which lead to the spatial expansion of
cities as central rents fall and suburban rents rise.

Additionally, we draw insights from empirical studies, such as Liu and Su (2021) who
explore the impact of COVID-19 on housing demand, and Brueckner et al. (2023) and Gupta
et al. (2022) who respectively uncover effects on house prices and rents in high-productivity
areas and urban centers. These papers find that remote work weakens traditional agglom-
eration economies tied to urban CBDs, redistributing residential and economic activities
toward suburban and secondary locations. This induces flatter housing/rent gradients and
declining CBD real estate values. Mondragón and Wieland (2022) and Guglielminetti et al.
(2023) document a surge in demand for suburban housing during the pandemic. Mondragón
and Wieland (2022) show that over half of the national U.S. housing price growth can be
attributed to remote work during the period 2019-2021, with suburban and exurban areas
experiencing the sharpest increases. Guglielminetti et al. (2023) use data from the Italian
housing market and show that WFH adoption increases demand for larger, single-family
houses with outdoor space.

We also contribute to the literature that uses quantitative spatial equilibrium models
to study the organization of economic activity across space and the choices of workplace and
residence, such as Ahlfeldt et al. (2015); Heblich et al. (2020) and Monte et al. (2018). There is
also a number of more recent contribution—such as Delventhal et al. (2022) and Delventhal
and Parkhomenko (2023)—that build quantitative spatial models for Los Angeles and the US,
respectively, to study the spatial impacts of WFH. In particular, Delventhal et al. (2022) show
that remote work leads to jobs concentrating closer to the city center while residents move
further out. This shift reduces traffic congestion and decreases average housing prices, while
telecommuters benefit the most from these changes. For the whole of US, Delventhal and
Parkhomenko (2023) show that the rise of remote work reshapes where people live and work,
benefiting those who can work remotely while hurting those who can’t, and reducing wage
inequalities between different areas. Also, Monte et al. (2023) investigate how the ability
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to work remotely is changing cities of different sizes. Their research suggests that cities
can settle into different stationary equilibria, where most people either commute to the city
center or work remotely, while events, like Covid-19, can push cities from one equilibrium
to the other. By analyzing data from US cities, they find that larger cities have experienced
a more permanent shift towards remote work, while their model predicts welfare losses in
those cities.

Our model uses a similar approach, but differs in allowing employees to choose, apart
from their workplace and residence location, their preferred commuting mode. Commuting
choices are important for many reasons including the environmental externalities that are
generated by the different modes. The relocation of households to more distant locations, as a
response to WFH, might imply higher car dependence which is harmful for the environment.
This is the first paper that uses a quantitative spatial equilibrium model with multiple
commuting choices to study the environmental impact of remote work on cities of different
sizes and mixes of teleworkable occupations.

The literature exploring the environmental impacts of remote work remains scarce.
There are a few papers that focus on transportation emissions, showing that WFH can re-
duce commuting-related emissions and vehicle miles traveled by 30-80% (Tao et al. (2023);
Navaratnam et al. (2022)). However, rebound effects such as increased non-work travel and
suburban relocations limit overall transportation benefits (Marz and Şen (2022); Cerqueira
et al. (2020)). Pre-pandemic studies that have explored the impact of telework on energy con-
sumption, greenhouse gases and air pollution have highlighted the fact that WFH-induced
urban sprawl and pressure on transit systems require action to prevent environmental trade-
offs from decentralization (Larson and Zhao (2016); Giovanis (2018)). However, the long-term
environmental impacts associated with urban form shifts, commuting mode changes, and
agglomeration externalities related to the different productivity levels of remote and office
workers, remain largely unstudied. The paper closest to ours is Borck et al. (2024). They
study the environmental effects of WFH in a similar model in Germany. The main difference
to their study is that we use a finer geography and include addtional margins of adjustment
such as sector and transport mode.

The rest of the paper is organized as follows. Section 2 describes the spatial framework
used to model WFH. Section 3 presents data and calibration strategies to quantify the model.
Section 4 describes the results from the counterfactual exercise, while Section 5 concludes
the paper.
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2 Model

We consider a country that includes a unit mass of individuals who choose their consumption
of goods and housing floor space, their residence and job location, the sector in which they
work, and their transport mode. The country spans over a set of distinct geographic locations.

2.1 Individuals

Individuals consume housing floor space and a composite good, that embeds all sectoral
goods. They spend a fraction 𝜃 of work time in the office and 1 − 𝜃 at home as work from
home (WFH). They are endowed with the utility function

𝑈(𝑐, ℎ) = 𝑧
𝑋

𝑑(𝜃)

(
𝑐

1 − 𝛽

)1−𝛽 (
ℎ

𝛽

)𝛽
, (1)

where ℎ and 𝑐 are the use of housing floor space and consumption of a composite good,
𝛽 being the expenditure share of housing consumption. 𝑋 represents spatial amenities at
residence, and 𝑧 is an idiosyncratic preference parameter. Since we consider GHG emissions
only, we do not include emissions in the utility. Since climate change is a global externality, the
damage caused by GHG emissions is independent of individuals’ locations or mode choices
and therefore can also not influence these choices.2 Utility decreases with commuting time 𝑡

between home and work locations according to the disutility function 𝑑(𝑡 , 𝜃) = 𝜃𝑒𝜅𝑡 +(1−𝜃)
where 𝜃 is the fraction of work time in the office and 1 − 𝜃 that spent on work from home
(WFH). 𝜅 measures the disutility of commuting time per unit of distance. WFH requires an
additional fraction of floor space 𝑔(𝜃). Assuming an open economy, the prices of sectoral
goods are given by world markets. We normalize quantity units so that their prices and
therefore the price of the composite good are equal to one. The budget constraint is therefore
given by 𝑐 + 𝑞ℎ[1 + 𝑔(𝜃)] = 𝑤 where 𝑞 and 𝑤 are the prices of land and labor.

Individuals can freely locate over residence locations 𝑖, work at job locations 𝑗 and in
sectors 𝑠, and commute with transport modes 𝑓 . We denote the spatial, sectoral, and modal
characteristics of variables by subscripts. Individuals differ in their idiosyncratic preference
parameter 𝑧𝑖 𝑗𝑠 𝑓 which combines three independent taste shocks: 𝜉𝑖 𝑗 for the pair of residential
location 𝑖 and job place 𝑗, 𝜑𝑠 for the sector 𝑠 and 𝜁 𝑓 for the transport mode 𝑓 . Those
shocks are respectively drawn from the Fréchet cumulative distribution functions 𝑒−𝜉

−𝛾 ,
𝑒−𝜁

−𝜈 and 𝑒−𝜑
−𝜌 where 𝛾, 𝜈 and 𝜌 measure the dispersions of the taste shocks. Individuals

receive independent draws from these distributions and, having received these draws, choose
residence and job location, sector, and transport mode to maximize their utility. Finally, WFH
depends on sector so we label the WFH parameter as 𝜃𝑠 .

2Borck et al. (2024), by contrast, focus on local pollution, where the damage depends on individuals’
location choice. In their calibration, however, the effect of pollution on relocation turns out to be small.
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At given prices, individuals’ indirect utility is given by 𝑉𝑖 𝑗 𝑓 𝑠 = 𝜉𝑖 𝑗𝜁 𝑓 𝜑𝑠 𝑣𝑖 𝑗𝑠 𝑓 where

𝑣𝑖 𝑗𝑠 𝑓 =
𝑋𝑖

𝑑(𝑡𝑖 𝑗 𝑓 , 𝜃𝑠)
𝑤 𝑗𝑠

[𝑞𝑖(1 + 𝑔(𝜃𝑠))]𝛽
. (2)

Individuals choose the residences, job places, sectors and transport modes that maximize
their utility. Using the properties of Fréchet distributions, the probability that an individual
chooses the characteristics 𝑖 , 𝑗 , 𝑠, and 𝑓 is equal to 𝜋𝑖 𝑗𝑠 𝑓 = 𝜋𝑖 𝑗 𝜋𝑠|𝑖 𝑗 𝜋 𝑓 |𝑖 𝑗𝑠 where

𝜋 𝑓 |𝑖 𝑗𝑠 =

[
𝑣𝑖 𝑗𝑠 𝑓

E(𝑣𝑖 𝑗𝑠)

] 𝜈
with E(𝑣𝑖 𝑗𝑠) = Γ(𝜈)

[∑
𝑓

𝑣𝜈
𝑖 𝑗𝑠 𝑓

]1/𝜈
, (3)

𝜋𝑠|𝑖 𝑗 =

[
E(𝑣𝑖 𝑗𝑠)
E(𝑣𝑖 𝑗)

]𝜌
with E(𝑣𝑖 𝑗) = Γ(𝜌)

[∑
𝑠

E(𝑣𝑖 𝑗𝑠)𝜌
]1/𝜌

, (4)

𝜋𝑖 𝑗 =

[
E(𝑣𝑖 𝑗)
E(𝑣)

]𝛾
with E(𝑣) = Γ(𝛾)

[∑
𝑖

∑
𝑗

E(𝑣𝑖 𝑗)𝛾
]1/𝛾

. (5)

2.2 Production

In each location, firms produce a set of sectoral goods and sell those in the perfectly compet-
itive world market at the prices normalized above. They produce under constant returns to
scale using floor space and labor with various education levels.

More formally, in each job location 𝑗 and sector 𝑠, firms produce a quantity 𝑌𝑗𝑠 of
sectoral goods by combining office floor units 𝐻𝑚𝑗𝑠 and effective labor units 𝑀𝑚𝑗𝑠 such that

𝑌𝑗𝑠 = 𝐴 𝑗𝑠

(
𝑀 𝑗𝑠

𝛼𝑠

)𝛼𝑠
(

𝐻𝑗𝑠

1 − 𝛼𝑠

)1−𝛼𝑠

where 𝛼𝑠 and 1 − 𝛼𝑠 are the cost shares of effective labor and office floor and 𝐴 𝑗𝑠 is a
location-specific productivity parameter. Because WFH allows firms to save on office floor
space, we assume that WFH decreases the cost share of floor space, 1 − 𝛼𝑠 . In particular, we
assume that 1 − 𝛼𝑠 = 𝜃𝛿𝑠

𝑠 (1 − 𝛼𝑠) where 1 − 𝛼𝑠 is the cost share of office floor in the absence
of WHF (𝜃𝑠 = 1) and 𝛿𝑠 is the elasticity of floorspace expenditures with respect to the
amount of remote work. In addition, labor productivity may differ in the office and at home.
For instance, in the absence of effective supervision, quiet home environment and good IT
connection and terminals, workers are less effective at home so that 𝜉𝑠 < 1. In opposite
situations, 𝜉𝑠 > 1. Each worker supplies an amount 𝜉𝑠 of effective labor units. Accordingly,
the mass of workers 𝑁𝑗𝑠 brings an amount of labor productivity units equal to 𝑀 𝑗𝑠 = 𝜉𝑠𝑁𝑗𝑠 .

We assume that 𝜉𝑠 ≡ 𝜃𝑠 + 𝜉𝑠 (1 − 𝜃𝑠) where 𝜉𝑠 is the worker’s home productivity relative to
her on-site productivity. If 𝜉𝑠 is greater (lower) than one implies that remote work is more
(less) productive than on-site work.3

3The verdict on WFH productivity is still out. For example, Bloom et al. (2014) found positive effects of
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Firms choose labor and floor space to minimize costs. Under perfect competition,
output prices are equal to marginal production cost so that:

𝐴−1
𝑗𝑠

(
𝑤 𝑗𝑠

𝜉𝑠

)𝛼𝑠

𝑞
1−𝛼𝑠

𝑗
= 1. (6)

2.3 Developers

In each location 𝑖, a set of competitive developers use a quantity of land 𝑙𝑖 and composite
good 𝑐𝑖 to produce the amount of floor space 𝐻𝑖 :

𝐻𝑖 =

(
𝜙𝑖 𝑙𝑖

𝜂

)𝜂 (
𝑐𝑖

1 − 𝜂

)1−𝜂
, (7)

where 𝜙𝑖 is a fixed land-productivity parameter and 𝜂 is the share of land in developers’
cost. Producers sell their floor space at the price 𝑞𝑖 and pay a cost equal to 𝑟𝑖 𝑙𝑖 + 𝑐𝑖 where 𝑟𝑖 is
the land unit price. The demand for land is therefore equal to 𝑙𝑖 = 𝜂𝜙−𝜂𝑟

𝜂−1
𝑖

𝐻𝑖 and the unit
cost of floor space is given by (𝑟𝑖/𝜙𝑖)𝜂. In equilibrium, the land demand equates its supply
the exogenous supply of buildable land Λ𝑖 and the unit cost equates the floor price 𝑞𝑖 . As a
result, the equilibrium supply of floor space and the land price are given by

𝐻𝑖 =
𝜙𝑖Λ𝑖

𝜂
𝑞

1−𝜂
𝜂

𝑖
(8)

𝑟𝑖 = 𝜙𝑖𝑞
1
𝜂

𝑖
. (9)

2.4 Externalities

In every residential location 𝑖, residents benefit from an exogenous fundamental amenity 𝑥𝑖

and an endogenous amenity based on the density of local residents

𝑋𝑖 = 𝑥𝑖

[
1
Λ𝑖

∑
𝑗

∑
𝑠

𝑁𝑖 𝑗𝑠

]𝜒
(10)

where 𝜒 < 1 is a congestion parameter. Similarly, in every job location 𝑗, firm productivity
increases with an exogenous fundamental productivity component 𝐴 𝑗𝑠 and an endogenous
productivity component that increases with the density of local on-site and remote employ-
ment such that

𝐴 𝑗𝑠 = 𝑎 𝑗𝑠

[
1
Λ𝑗

∑
𝑖

∑
𝑠

[𝜃𝑠 + 𝜓(1 − 𝜃𝑠)]𝑁𝑖 𝑗𝑠

]𝜆
, (11)

WFH on productivity of call-center workers, while Gibbs et al. (2023) found negative effects in tech firms.
Bloom et al. (2024) find no effect of hybrid work arrangements on performance.
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where𝜓 ≤ 1 measures the degree of remote workers’ participation in productive externalities
and 𝜆 < 1 is the agglomeration elasticity. While not much is known about the magnitude of
𝜓, Liu and Su (2023) find that WFH decreases agglomeration externalities. In our quantitative
exercise, we follow Delventhal et al. (2022) and run the counterfactual with either 𝜓 = 0 or
𝜓 = 1.

2.5 Equilibrium

In the equilibrium, workers freely locate across locations, sectors, and transport modes.
Given the unit mass population, the equilibrium is determined by the conditions

𝑁𝑖 𝑗𝑠 𝑓 = 𝜋𝑖 𝑗𝑠 𝑓 . (12)

In each location 𝑖, local residents use floorspace 𝐻𝑅
𝑖

for residential housing purposes
and 𝐻𝑊𝐹𝐻

𝑖
for their home office. Local firms use 𝐻𝑊𝐹𝑊

𝑖
for on-site work. As a result, total

floor space demand is:
𝐻𝑖 = 𝐻𝑅

𝑖 + 𝐻𝑊𝐹𝐻
𝑖 + 𝐻𝑊𝐹𝑊

𝑖 , (13)

with:
𝑞𝑖𝐻

𝑅
𝑖 = 𝛽

∑
𝑗

∑
𝑠

1
1 + 𝑔(𝜃𝑠)

𝑤 𝑗𝑠𝑁𝑖 𝑗𝑠 , (14)

𝑞𝑖𝐻
𝑊𝐹𝐻
𝑖 = 𝛽

∑
𝑗

∑
𝑠

𝑔(𝜃𝑠)
1 + 𝑔(𝜃𝑠)

𝑤 𝑗𝑠𝑁𝑖 𝑗𝑠 , (15)

𝑞 𝑗𝐻
𝑊𝐹𝑊
𝑗 =

∑
𝑠

1 − 𝛼𝑠

𝛼𝑠
𝑤 𝑗𝑠

∑
𝑖

𝑁𝑖 𝑗𝑠 . (16)

Definition 1. Given local fundamentals 𝑎 𝑗𝑠 , 𝑥𝑖 , andΛ𝑖 ; bilateral mode-specific commute times
𝑡𝑖 𝑗 𝑓 ; and economy-wide parameters 𝜃𝑠 𝛼𝑠 , 𝛽, 𝛾, 𝜈, 𝜌, 𝜅, 𝜂, 𝜆, and 𝜒; a spatial equilibrium
consists of allocations of workers to sectors, residences, workplaces, and transport modes,
𝑁𝑖 𝑗 𝑓 𝑠 ; productivities, 𝐴 𝑗𝑠 ; residential amenities, 𝑋𝑖 ; wages, 𝑤 𝑗𝑠 ; floorspace prices, 𝑞𝑖 and
floorspace quantities, 𝐻𝑖 ; such that equations 12, 11, 10, 6, 8, and 13 are satisfied.

2.6 Existence and Uniqueness

In Appendix B, we useresults from Allen et al. (2023) to check that baseline and counterfactual
equilibria exist and are unique for the set of parameters we use. In particular, for the
simplified case of a single sector and a single transport mode, we compute the spectral
radius of the matrix 𝑨 from Allen et al. (2023) and show that it is lower than 1.
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2.7 Emissions of GHG

In each location, consumption of floorspace (residential and commercial) and commuting
emit GHG. Local emissions from floorspace consumption are given by:

𝑍𝐻
𝑖 = 𝑍𝑅+𝑊𝐹𝐻

𝑖 + 𝑍𝐶
𝑖 = 𝜀𝑅𝑖 (𝐻𝑅

𝑖 + 𝐻𝑊𝐹𝐻
𝑖 ) + 𝜀𝑊𝐹𝑊

𝑖 𝐻𝑊𝐹𝑊
𝑖 , (17)

where 𝜀𝑘
𝑖

are the local emission intensities of building types residential, 𝑅, and commercial, 𝐶.
We assume that these intensities are composed of an exogenous term 𝜖𝑘

𝑖
and an endogenous

component that decreases with the local density of floorspace, such that:

𝜀𝑘𝑖 = 𝜖𝑘𝑖

(
𝐻𝑖

�̄�𝑖

)−𝜇𝑘

, with 𝜇 > 0. (18)

Borck and Brueckner (2018) model residential energy use as a function of buildings’ surface
area, which implies that energy use per unit of floorspace decreases with building height.
Below, we will estimate 𝜇 with data on building energy use.

Commuting by mode 𝑓 emits pollution (𝑍𝑀
𝑓

with 𝑀 like “moving”) in proportion to
the travel time, with an intensity depending on the mode of transport:

𝑍𝑀
𝑓
= 𝜀𝑀

𝑓

∑
𝑖∈ℐ

∑
𝑗∈ℐ

∑
𝑚∈Θ

∑
𝑠∈Ω𝑇

𝜃𝑚𝑠𝑡𝑖 𝑗 𝑓𝑁𝑚𝑖𝑗 𝑓 𝑠 . (19)

2.8 Counterfactuals

In the quantification section, we consider counterfactual equilibria where the shares of
remote working per occupation 𝜃′

𝑠 is different from the baseline scenario value 𝜃𝑠 . We solve
these counterfactual equilibria for changes in endogenous variables �̂�𝑖 𝑗 𝑓 𝑠 ; productivities,
�̂� 𝑗𝑠 ; residential amenities, �̂�𝑖 ; wages, �̂� 𝑗𝑠 ; floorspace supply, �̂�𝑖 ; and floorspace prices, �̂�𝑖 ;
where we define changes in variable 𝑣 as �̂� = 𝑣′/𝑣. We then compute implied changes in
pollution emissions from floorspace consumption and commuting, �̂�𝐻

𝑖
and �̂�𝑀

𝑓
. Appendix

A details the equilibrium changes equations.

3 Quantification

We divide Sweden into 2,290 locations. For large cities, we use the DeSO geographic de-
composition and for other areas we use the municipality level.4 We include 12 sectors (see
below) and 3 commuting modes (walking/biking, driving, and public transport).

4DeSO is a nation-wide breakdown that follows county and municipal boundaries. It divides Sweden into
5,984 areas that have between 700 and 2,700 inhabitants.
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3.1 Baseline

We calibrate current shares of telecommuting by sector using aggregated values from the
Swedish Labor Survey for the shares of workers who, in January 2021, worked remotely
at least half of the working days, respectively distributed across activities according to the
Swedish Standard Industrial Classification (SNI).5 We compute commuting flows and wages
for each sector and residence-workplace location pair using the individual register from
the Swedish longitudinal integrated database for individual and workplaces (LISA). We
use aggregated data from the Swedish National Travel survey (RVU Sweden) to allocate
commuting flows across commuting modes.6 We compute commuting time between all
pairs of locations (up to a 4 hours travel time limit) using Open Route Services API for
cycling and driving, and the TravelTime SDK API for public transports.

To compute local floorspace prices, we combine the apartment register with individual
wage data. We assume that the ratio 𝛽 times the wage of an individual divided by the size of
her apartment corresponds to the rent and take the average value over all apartments in the
location. We then compute total residential and commercial floorspace quantities in each
location by combining total income and rents for residential floorspace and total labor and
rents for commercial floorspace.

We use floorspace GHG emissions data from the National Emissions Database. The
Swedish Meteorological and Hydrological Institut runs this database and collects Sweden’s
national territorial emissions of greenhouse gases and air pollutants broken down to lo-
cal level. We use the gridded emission data for emissions from residential housing and
commercial buildings.

3.2 Parametrization

We now describe how we calibrate or estimate our parameter values. Table 1 collects the
values we use.

We set the consumption share of housing, 𝛽, at .291 following the aggregate value
from the Household budget survey (HBS).7 We use values from Valentinyi and Herrendorf
(2008) to calibrate the share of floorspace in on-site production, 1 − �̄�. In particular, we
assume that it corresponds to the share of land and buildings in expenditures. We use .32 for
agriculture, .15 for the manufacturing and energy sector, .09 for the construction sector, and
.21 for services (9 sectors). We calibrate sector-specific elasticities of floorspace expenditures

5The SNI is used to classify enterprises and workplaces according to the activity carried out.
6The data and information about the survey can be accessed here.
7https://www.scb.se/en/finding-statistics/statistics-by-subject-area/household-finances/household-

expenditures/household-budget-survey-hbs/
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Table 1: Externally determined and estimated parameters

Parameter Description Value Comments
𝛽 consumption share of housing 0.291 Household budget survey
𝛾 Fréchet elasticity of location shock 1.05 estimated (equation 22)
𝜈 Fréchet elasticity of transport mode shock .55 estimated (equation 23)
𝜌 Fréchet elasticity of sector shock .14 estimated (equation 20)
𝜅 elasticity of commuting cost to commuting time 3.64 estimated (equation 21)

1 − �̄�𝑠 floorspace share in production w/o remote work various Valentinyi and Herrendorf (2008)
𝛿 elasticity of floorspace to remote work {0, .1, .5} Credible values
𝜓 contribution of telecommuters to productivity externalities {0, 1} separate counterfactuals
�̄� relative productivity of remote work {.9, 1, 1.1} separate counterfactuals
𝜂 price elasticity of floorspace supply various estimated (equation ??)
𝜆 elasticity of local productivity to employment density 0.04 Ahlfeldt and Pietrostefani (2019)
𝜒 elasticity of local amenity to population density 0.172 Heblich, Redding, and Sturm (2020)

Note: The table lists parameters determined externally to the calibration process and parameters calibrated or estimated using
Swedish data.

with respect to the amount of remote work using arguably plausible values. We set 𝛿 to .5
for all sectors, except for manufacturing and energy where we set it to .1 and for agriculture
and hotels and restaurants where we set it to 0. A value of .5 means that an additional day
of remote work (𝜃 increases by 20%) leads to a reduction of floorspace expenditure of 10%.

We then follow the approach by Monte et al. (2018) to estimate 𝜌, 𝜅, 𝛾, and 𝜈. We
assume for simplicity that there is no work-from-home in the baseline equilibrium. We use
data from 2019, so before the zoom shock. From (3) to (5), we get the following estimating
equations:

log𝜋 𝑗𝑠 = 𝜌 log𝑤 𝑗𝑠 + 𝐹𝐸 𝑗 + 𝐹𝐸𝑠 + 𝜖 𝑗𝑠 , (20)

log𝜋𝑖 𝑗 = −𝜅𝛾𝑡𝑡𝑐𝑎𝑟 + 𝐹𝐸𝑖 + 𝐹𝐸 𝑗 + 𝜖𝑖 𝑗 , (21)

log𝜋𝑖 𝑗 + 𝜅𝛾𝑡𝑡𝑐𝑎𝑟 = 𝛾 log

[∑
𝑠

𝑤
�̂�
𝑗𝑠

]1/�̂�

+ 𝐹𝐸𝑖 + 𝜖𝑖 𝑗 , (22)

log𝜋𝑖 𝑗𝑠 𝑓 = −𝜅𝜈 log 𝑡𝑡𝑖 𝑗 𝑓 + 𝐹𝐸𝑖 𝑗𝑠 + 𝜖𝑖 𝑗𝑠 𝑓 . (23)

In (20), we estimate the allocation of workers among sectors based on workplace-sector
specific wages, controlling for workplace and sectoral fixed effects. Equation (21) estimates
the location choice among residence-workplace pairs based on bilateral distances, controlling
for residence and workplace fixed effects. As usual, the coefficient on bilateral distances only
allows us to recover the combined parameter 𝜅𝛾, which combines the Fréchet elasticity 𝛾

with the aversion to commuting time, 𝜅.

In (22), we recover the Fréchet elasticity from variations in workplace wages, setting
𝜅𝛾 equal to its estimate from (21) and likewise 𝜌 to its estimated value from (20) and
controlling for residence fixed effects. Finally, (23) estimates the mode share elasticity 𝜈 from
the difference in commute times by mode, where we fix the commuting disutility parameter
at �̂�, controlling for residence by workplace by sector fixed effects.

We allow price elasticities of floorspace supply, 𝜂, to vary across location types, accord-
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ing to the classification of Swedish municipalities. We estimate (8) by location. In particular,
we regress the logarithm of price per square meter on the logarithm of the unit floorspace,
controlling for different characteristics (location, construction year, number of rooms, floors).
We find values for 𝜂 ranging from .8 for large cities to .9 for rural municipalities.

Finally, we estimate (18) to get parameters 𝜖𝑘
𝑖

and 𝜇𝑘 . In particular, we find that
residential and commercial elasticities of emissions intensity to floorspace density of .5 and
1.6%.

To compute emissions from commuting, we apply:

𝑍transport =
∑

𝑓 ∈ modes

∑
(𝑖 , 𝑗)

𝐹𝑎𝑐𝑡𝑜𝑟 𝑓 𝑆𝑝𝑒𝑒𝑑 𝑓𝑇𝑟𝑎𝑣𝑒𝑙𝑇𝑖𝑚𝑒𝑖 𝑗 𝑓 2 × 𝜃 ×𝑊𝑜𝑟𝑘𝑖𝑛𝑔𝐷𝑎𝑦𝑠

× 𝜋𝑖 𝑗 𝑓 × 𝑃𝑜𝑝,

with 𝐹𝑎𝑐𝑡𝑜𝑟𝑐𝑎𝑟 = 133𝑔𝐶𝑂2/𝑘𝑚, 𝐹𝑎𝑐𝑡𝑜𝑟𝑝𝑢𝑏𝑙𝑖𝑐 = 25𝑔𝐶𝑂2/𝑘𝑚, and 𝐹𝑎𝑐𝑡𝑜𝑟 𝑓 𝑜𝑜𝑡/𝑐𝑦𝑐𝑙𝑒 = 0𝑔𝐶𝑂2/𝑘𝑚.
We assume 250 working days in Sweden. We assume 𝑆𝑝𝑒𝑒𝑑𝑐𝑎𝑟 = 80𝑘𝑚/ℎ and 𝑆𝑝𝑒𝑒𝑑𝑝𝑢𝑏𝑙𝑖𝑐 =

60𝑘𝑚/ℎ.

4 Sector-specific Increases in WFH

In this section, we present the results of a counterfactual exercise where we simulate the
change implied by a sector-specific increase in the fraction of WFH. Table 2 presents the
benchmark and counterfactual on-site worktime shares across sectors. To do so, we use
the WFH fractions observed in Sweden at two points in time: during December 2021 and
February 2022, when the government mandated WFH except for employees whose physical
presence was essential, and during March 2022 to May 2022, when the government mandate
ceased to apply. In Table 2, 𝜃 is the share of employees working on-site for at least half of the
working days when no restrictions are in place, and 𝜃′ is the corresponding share in January
2022 as per the Swedish Labor Force Survey (AKU), that was the period with the strictest
WFH recommendations in Sweden.

4.1 Main Results

We summarize the main results in Table 3. We run four alternative versions of our counterfac-
tual assuming different values for parameters 𝜓 and 𝜉. Columns (1) to (3) show the absolute
change in GHG emissions from commuting and residential and commercial floorspace con-
sumption. Column (4) shows the social value of the total GHG emissions change, using
a Social Cost of Carbon value of 1,200 SEK Column (5) shows the equivalent variation in
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Sector 𝜽 𝜽′ Share

Agriculture 78% 70% 1.8%
Artothers 85% 68% 4.6%

Construction 92% 90% 7.1%
Education 91% 79% 11.4%
Finance 72% 49% 15.0%

Healthsocial 96% 90% 15.9%
Hotelrestau 100% 100% 4.1%
Infocomm 45% 18% 3.4%

Manufenergy 91% 77% 13.3%
Publicadmin 76% 44% 6.3%

Trade 87% 76% 12.2%
Transport 91% 90% 4.8%

Note: 𝜃 and 𝜃′ respectively correspond to one minus the share of workers
usually working from home in the baseline and counterfactual equilibrium.
The third column Share indicates the baseline share of the population working
in each sector.

Table 2: Shares of on-site work across sectors.

income.8 For each alternative version of the counterfactual, we present absolute values and
relative changes in italics below.

Table 3 reveals that the higher fractions of WFH shown in Table 2 lead to reductions in
GHG emissions from commuting and commercial floorspace and to increases in emissions
from residential floorspace consumption. Emissions from commuting decrease by around
11%, or about .47 million tons of CO2 equivalent. Emissions from residential floorspace
increase by 3%, or about .01 million tons of CO2 equivalent. Emissions from commercial
floorspace decrease by around 6%, about .03 million tons of CO2 equivalent. Overall, re-
ductions in emissions from commuting drive most of the aggregate environmental effect of
remote working. The aggregate social value of the GHG emissions reductions is around
.58 billion SEK. This represents .1% of the total income perceived by workers. Turning to
the welfare impact of the increase in remote work, column (5) shows that workers’ welfare
increases across all different scenarios. The aggregate equivalent variation ranges from 30
to 50 billion SEK. In relative terms, the welfare gain ranges from 2.8 to 4.5% of total income.
The largest gains are observed when we assume either that remote work is relatively more
productive than on-site work (𝜉 > 1) or when remote workers contribute to the productive
externality (Ψ = 1).

8We compute the equivalent variation as the additional per-worker income needed to make the average
worker as well off in the baseline as in the counterfactual. We solve for this value in partial equilibrium.
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Table 3: Environmental & Welfare Impacts of Remote Work

Scenario GHG Emissions Changes Total Equivalent
Commuting Residential Commercial SCC Variation

MtonsCO2 (%) BnSEK (%)
(1) (2) (3) (4) (5)

Ψ = 0 & 𝜉 = 1 -0.47 +0.01 -0.03 +0.58 +40.32
-11.7% +3.0% -5.9% +0.1% +3.7%

Ψ = 0 & 𝜉 = 1.1 -0.47 +0.01 -0.03 +0.59 +49.65
-11.7% +3.1% -6.1% +0.1% +4.5%

Ψ = 0 & 𝜉 = 0.9 -0.47 +0.01 -0.03 +0.58 +30.49
-11.7% +2.9% -5.7% +0.1% +2.8%

Ψ = 1 & 𝜉 = 1 -0.47 +0.01 -0.03 +0.58 +45.80
-11.7% +3.1% -6.1% +0.1% +4.2%

GHG emissions changes are in millions of tons of CO2 equivalent GHG.
We compute the social cost of carbon of emissions changes on the basis of 1,200 SEK per ton of CO2eq.

4.2 Spatial Shifts

Figures 1 and 3 show the reallocation of the population across space following the increase
of remote working. Figure 1 aggregates data at the municipality level (a little bit less than
300 for Sweden) while Fig. 3 focuses on the three largest municipalities and disaggregates
reallocation across DeSO within these particular municipalities. In particular, each panel
shows the absolute change in residents or workers as a function of the baseline density of
workers or residents. The left panel of Figure 1 shows that people would move from cities in
the middle of the density distribution to the densest municipalities. The right panel shows
a similar picture, showing that the densest municipalities would also gain in population of
workers. These findings differ from Delventhal et al. (2022) who find that, on average, denser
cities would lose residents and jobs.
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Figure 1: Population reallocation across municipalities
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To explain these patteNrs, Figure 2 plots the average change in the share of time spent
working on-site (𝜃). While this change is the same for all workers within a given sector,
spatial heterogeneity in sectoral composition implies that the average fraction of remote
work differs across space. Figure 2 shows that the average increase in remote work (negative
variations of work-from-work time) is significantly larger in denser municipalities.
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Figure 2: Spatial variation in the WFH share change

Figure 3 explains what happens within these dense municipalities, focusing on the
top three, Stockholm, Gothenburg, and Malmo. For the three cities, we see on the left panels
that the locations that gain the most new residents are the least dense locations. Conversely,
the right panel shows us that most of the new residents of these large municipalities start
working in locations where most of the workers are concentrated. This is more in line with
Delventhal et al. (2022). Like them, we find that in big cities, households on average move to
less dense locations. This seems intuitive, since WFH allows an even stronger separation of
residences and workplace, so households can live where housing is cheap and work (partly
remotely) where wages are high. This is consistent with the right panel, which shows that
employment increases most in the densest locations.

4.3 Emissions from Commuting

Table 4 details how emissions from commuting change with the increase in WFH. The first
column presents the full effect for all modes as well as disaggregated by mode. The next
two columns decompose the effect into the reallocation of commuters (workers who change
residence and/or workplace) and changes in emissions via the lower commuting frequency
due to the increase of remote working. The last column contains the second-order effects.

Table 4 shows that transport emissions decrease by .47 Mtons of CO2eq or 11.7%. This
large decrease is driven to a large extent by the lower frequency of commuting, since workers
do not have to go to work as often. This leads to a 15% reduction in emissions (see column
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Figure 3: Population reallocation within large municipalities

(3)). However, the relocation of jobs and residences leads to a 5% increase in commuting
emissions. This can be explained by workers moving further away from their workplace.
Decomposing these effects across commuting modes shows that the effects are largely driven
by car commuting.
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Table 4: Emissions from commuting

Full Relocation Frequency Second
Effect Effect Effect Order

(Δ𝜋) (Δ𝜃)
MtonsCO2 (%)

(1) (2) (3) (4)

All modes -0.47 0.22 -0.62 -0.06
-11.7% 5.4% -15.6% -1.6%

By car -0.43 0.19 -0.56 -0.06
-10.7% 4.9% -14.1% -1.4%

By public -0.04 0.02 -0.06 -0.01
-1.0% 0.6% -1.4% -0.2%

By footcycle 0.00 0.00 0.00 0.00
0.0% 0.0% 0.0% 0.0%

4.4 Residential and Commercial Floorspace Emissions

Table 5 summarizes the changes in emissions attributed to floorspace consumption. The
first row presents aggregated values for the residential and commercial sectors, while the
subsequent rows provide a detailed breakdown of emissions for each sector individually.
The first columns present the full effect, and the other columns decompose between what
we call the scale effect, the composition effect, and the technique effect. The first effect
corresponds to the direct effect of increasing the total floor space consumed across the
country. In contrast, the composition effect corresponds to the reallocation of floorspace
across locations, switching different emission intensities. The technique effect corresponds
to variations in emission intensity due to changes in local density.

The increase in WFH leads to a reduction in total floorspace emissions by 2.6%. This
is the combination of a positive effect on residential emissions (+1.0%) and a negative effect
on commercial emissions (-3.6%), with the latter dominating.

Table 6 further decomposes the channels behind the changes in floor space consump-
tion. Each column isolates one channel that explains the changes in floorspace consumption
(residential and commercial). Aggregate floorspace decreases by 1.3%. Lower rents explain
most of the increase in residential floorspace and compensate for the loss in income. The
reduction in commercial floorspace results from the lower expenditure share on floorspace
(by assumption), and the reduction in wages, which makes labor relatively more productive
compared to floorspace and therefore leads to substitution of floorspace by labor.
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Table 5: Emissions floorspace

Full Scale Composition Technique Second
Effect (Δ𝐻) (Δ𝜀) Order

MtonsCO2 ( %)
(1) (2) (3) (4) (5)

Total -0.02 -0.02 -0.04 0.01 0.04
-2.7% -3.4% -6.0% 1.8% 4.9%

Residential 0.01 0.01 0.00 0.00 0.00
1.1% 0.8% 0.0% 0.2% 0.0%

Commercial -0.03 -0.03 -0.04 0.01 0.04
-3.8% -4.2% -6.1% 1.6% 4.9%

Table 6: Floorspace change decomposition

Scenario 𝚫𝜶 𝚫𝝅 𝚫𝒘 𝚫𝒒 Second Order Total
kmsq (%)

(1) (2) (3) (4) (5) (6)

Total -41.36 -0.78 -84.41 123.13 -9.82 -13.24
-4.4% -0.1% -9.0% 13.2% -1.1% -1.4%

Residential 0.46 -49.54 68.57 -6.74 12.75
0.0% -5.3% 7.3% -0.7% 1.4%

Commercial -41.36 -1.24 -34.87 54.56 -3.08 -25.98
-4.4% -0.1% -3.7% 5.8% -0.3% -2.8%

5 Conclusion

Our study contributes to the ongoing discussion related to the future of cities and the increas-
ing demand for flexible working arrangements. Understanding the potential environmental
impacts of WFH is crucial for shaping sustainable urban planning policies and addressing
climate change concerns. Our findings show that increasing WFH days can significantly
reduce GHG emissions from commuting and floorspace consumption. This highlights WFH
potential to promote sustainable urban development and reduce cities’ environmental im-
pact.

It is important to note that the results differ across cities and the extent to which WFH
impacts a city’s environmental footprint depends on various factors, including urban den-
sity, industry composition, and commuting patterns. Our analysis reveals distinct patterns
in population reallocation between Stockholm, Gothenburg, and Malmo, the three largest
Swedish cities. In Stockholm, the densest municipalities gain residents, while in Gothenburg
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and Malmo, the opposite is true. These variations highlight the importance of considering
city-specific characteristics when assessing the impact of WFH on a city’s environmental
footprint.
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A Counterfactual equations

A.1 Hat equations

We have:

�̂�𝑖 𝑗𝑠 𝑓 = �̂�𝑖 𝑗�̂�𝑠|𝑖 𝑗�̂� 𝑓 |𝑖 𝑗𝑠 , (24)

�̂� 𝑓 |𝑖 𝑗𝑠 =
�̂�−𝜈
𝑖 𝑗𝑠 𝑓∑

𝑓 ′ 𝜋 𝑓 ′|𝑖 𝑗𝑠 �̂�
−𝜈
𝑖 𝑗𝑠 𝑓 ′

, (25)

�̂�𝑠|𝑖 𝑗 =
Ê(𝑣𝑖 𝑗𝑠)

𝜌∑
𝑠′ 𝜋𝑠′|𝑖 𝑗Ê(𝑣𝑖 𝑗𝑠′)

𝜌 with Ê(𝑣𝑖 𝑗𝑠) =
�̂�𝑖�̂� 𝑗𝑠

�̂�
𝛽
𝑖

̂(1 + 𝑔[𝜃𝑠])
𝛽

[∑
𝑓

𝜋 𝑓 |𝑖 𝑗𝑠 �̂�
−𝜈
𝑖 𝑗𝑠 𝑓

]1/𝜈
(26)

�̂�𝑖 𝑗 =
Ê(𝑣𝑖 𝑗)

𝛾∑
𝑖′
∑

𝑗′ 𝜋𝑖′ 𝑗′Ê(𝑣𝑖′ 𝑗′)
𝛾 with Ê(𝑣𝑖 𝑗) =

[∑
𝑠

𝜋𝑠|𝑖 𝑗Ê(𝑣𝑖 𝑗𝑠)
𝜌
]1/𝜌

. (27)

In the baseline, we assume ̂(1 + 𝑔[𝜃𝑠]) = 1.

For wages we have:

�̂� 𝑗𝑠 = 𝐴
1
𝛼′𝑠

− 1
𝛼𝑠

𝑗𝑠
𝑞
− 1−𝛼′𝑠

𝛼′𝑠
+ 1−𝛼𝑠

𝛼𝑠

𝑗
�̂�𝑠�̂�

1
𝛼′𝑠
𝑗𝑠
�̂�
− 1−𝛼′𝑠

𝛼′𝑠
𝑗

, (28)

where we replace unobserved 𝐴 𝑗𝑠 with there expression in terms of observables: 𝐴 𝑗𝑠 =

𝑞
1−𝛼𝑠

𝑗

(
𝑤 𝑗𝑠

𝜉𝑠

)𝛼𝑠

.

For the floorspace prices:

�̂�𝑖 = �̂�
𝜂

1−𝜂
𝑖

. (29)

For floorspace demand:

�̂�𝑖 =
1

𝑞𝑖𝐻𝑖

1
�̂�𝑖

[
𝛽
∑
𝑠

∑
𝑗

𝑤 𝑗𝑠𝑁𝑖 𝑗𝑠�̂� 𝑗𝑠�̂�𝑖 𝑗𝑠 +
∑
𝑠

1 − 𝛼′
𝑠

𝛼′
𝑠

𝑤𝑖𝑠�̂�𝑖𝑠

∑
𝑖′

𝑁𝑖′𝑖𝑠�̂�𝑖′𝑖𝑠

]
. (30)

Finally:

�̂� 𝑗𝑠 =

[ ∑
𝑖

∑
𝑠[𝜃′

𝑠 + 𝜓(1 − 𝜃′
𝑠)]𝑁𝑖 𝑗𝑠�̂�𝑖 𝑗𝑠

]𝜆
[ ∑

𝑖

∑
𝑠[𝜃𝑠 + 𝜓(1 − 𝜃𝑠)]𝑁𝑖 𝑗𝑠

]𝜆 , (31)
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and

�̂�𝑖 =

[ ∑
𝑗

∑
𝑠 𝑁𝑖 𝑗𝑠�̂�𝑖 𝑗𝑠

]𝜒
[ ∑

𝑗

∑
𝑠 𝑁𝑖 𝑗𝑠

]𝜒 . (32)

B Existence and unicity

In this section, we use Allen et al. (2023), “On the Equilibrium Properties of Spatial Models”,
AAL hereafter, to find a sufficient condition for our WFH model, in the case of a single sector
and a single transport mode, to have a unique solution.

B.1 Our model

In this section, I write the equilibrium equations.

• Workers choose locations so that:

𝑁𝑖 𝑗 =

(
𝑋𝑖

𝑑(𝑡𝑖 𝑗 , 𝜃)
𝑤 𝑗

[𝑞𝑖(1 + 𝑔(𝜃))]𝛽

)𝛾
/
∑
𝑚,𝑛

(
𝑋𝑚

𝑑(𝑡𝑚𝑛 , 𝜃)
𝑤𝑛

[𝑞𝑚(1 + 𝑔(𝜃))]𝛽

)𝛾
. (33)

• Wages are written as:

𝑤 𝑗 = 𝐴 𝑗𝑞
− 1−𝛼(𝜃)

𝛼(𝜃)
𝑗

. (34)

• Developers build floorspace in response to rent levels according to:

𝐻𝑖 =
𝜙𝑖Λ𝑖

𝜂
𝑞

1−𝜂
𝜂

𝑖
. (35)

• Local floorspace markets clear and we have:

𝑞𝑖𝐻𝑖 = 𝛽
∑
𝑗

𝑤 𝑗𝑁𝑖 𝑗 +
1 − 𝛼(𝜃)
𝛼(𝜃)

∑
𝑗

𝑤𝑖𝑁𝑗𝑖 . (36)

Externalities are defined by:

𝐴 𝑗 = 𝑎 𝑗

[
1
Λ𝑗

∑
𝑖

[𝜃 + 𝜓(1 − 𝜃)]𝑁𝑖 𝑗

]𝜆
and (37)

𝑋𝑖 = 𝑥𝑖

[
1
Λ𝑖

∑
𝑗

𝑁𝑖 𝑗

]𝜒
. (38)

In what follows, for simplicity and without loss of generality, I drop all 𝜃 indications
and note 𝑑(𝑡𝑖 𝑗)(1 + 𝑔)𝛽 = 𝑑𝑖 𝑗
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B.2 Application of AAL

We can rewrite our equilibrium as a system of three sets of equations to which AAL’s theorem
is applicable. In this system, the unknowns are the vectors of local rents, 𝑞𝑖 , residents 𝑁𝑅

𝑖
,

and workers 𝑁𝑊
𝑗

:

𝑁𝑅
𝑖 =

∑
𝑗

𝑑
−𝛾
𝑖 𝑗

𝑋
𝛾
𝑖
𝐴

𝛾
𝑗
𝑞
− 1−𝛼

𝛼 𝛾

𝑗
𝑞
−𝛽𝛾
𝑖∑

𝑚

∑
𝑛
𝑑
−𝛾
𝑚𝑛𝑋

𝛾
𝑚𝐴

𝛾
𝑛𝑞

− 1−𝛼
𝛼 𝛾

𝑛 𝑞
−𝛽𝛾
𝑚

, (39)

𝑁𝑊
𝑖 =

∑
𝑗

𝑑
−𝛾
𝑗𝑖
𝑋

𝛾
𝑗
𝐴

𝛾
𝑖
𝑞
− 1−𝛼

𝛼 𝛾

𝑖
𝑞
−𝛽𝛾
𝑗∑

𝑚

∑
𝑛
𝑑
−𝛾
𝑚𝑛𝑋

𝛾
𝑚𝐴

𝛾
𝑛𝑞

− 1−𝛼
𝛼 𝛾

𝑛 𝑞
−𝛽𝛾
𝑚

, (40)

𝑞
1
𝜂

𝑖
=

∑
𝑗

𝜂
𝜙𝑖Λ𝑖

[
𝛽𝑑

−𝛾
𝑖 𝑗

𝑋
𝛾
𝑖
𝐴

1+𝛾
𝑗

𝑞
− 1−𝛼

𝛼 (1+𝛾)
𝑗

𝑞
−𝛽𝛾
𝑖

+ 1−𝛼
𝛼 𝑑

−𝛾
𝑗𝑖
𝑋

𝛾
𝑗
𝐴

1+𝛾
𝑖

𝑞
− 1−𝛼

𝛼 (1+𝛾)
𝑖

𝑞
−𝛽𝛾
𝑗

]
∑
𝑚

∑
𝑛
𝑑
−𝛾
𝑚𝑛𝑋

𝛾
𝑚𝐴

𝛾
𝑛𝑞

− 1−𝛼
𝛼 𝛾

𝑛 𝑞
−𝛽𝛾
𝑚

, (41)

where:

𝑋𝑖 = 𝑥𝑖

(
𝑁𝑅

𝑖 /Λ𝑖

)𝜒
, (42)

𝐴 𝑗 = 𝑎 𝑗

(
[𝜃 + 𝜓(1 − 𝜃)]𝑁𝑊

𝑗 /Λ𝑗

)𝜆
:= �̃� 𝑗

(
𝑁𝑊

𝑗 /Λ𝑗

)𝜆
. (43)

(44)

The idea of the theorem is to find a sufficient condition for the equilibrium to be a
contraction. To do that we need to find the 3-by-3 square matrix (because of the 3 sets of
equations) defined by (𝑨)ℎℎ′ = sup𝑖 , 𝑗

(��� 𝜕 ln 𝑓𝑖 𝑗ℎ

𝜕 ln 𝑥 𝑗ℎ′

���) .
Notations:

• Subscripts 𝑖 and 𝑗 denote locations.

• Subscripts ℎ ∈ {1, 2, 3} denote the interaction, in our case three: numbers of local
residents, number of local workers, and local rents.

• We note:

𝑥𝑖ℎ =


𝑁𝑅

𝑖
if ℎ = 1

𝑁𝑊
𝑖

if ℎ = 2

𝑞
1
𝜂

𝑖
if ℎ = 3,
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• and:

𝑓𝑖 𝑗ℎ =



𝑐𝑖 𝑗1𝑥
𝜒𝛾
𝑖1 𝑥

𝜆𝛾
𝑗2 𝑥

− 1−𝛼
𝛼 𝜂𝛾

𝑗3 𝑥
−𝛽𝜂𝛾
𝑖3 if ℎ = 1

𝑐𝑖 𝑗2𝑥
𝜒𝛾
𝑗1 𝑥

𝜆𝛾
𝑖2 𝑥

− 1−𝛼
𝛼 𝜂𝛾

𝑖3 𝑥
−𝛽𝜂𝛾
𝑗3 if ℎ = 2

𝑐𝑅𝑖𝑗3𝑥
𝜒𝛾
𝑖1 𝑥

𝜆(1+𝛾)
𝑗2 𝑥

− 1−𝛼
𝛼 𝜂(1+𝛾)

𝑗3 𝑥
−𝛽𝜂𝛾
𝑖3︸                                 ︷︷                                 ︸

= 𝑓 𝐴
𝑖𝑗3

+ 𝑐𝑊𝑖𝑗3𝑥
𝜒𝛾
𝑗1 𝑥

𝜆(1+𝛾)
𝑖2 𝑥

− 1−𝛼
𝛼 𝜂(1+𝛾)

𝑖3 𝑥
−𝛽𝜂𝛾
𝑗3︸                                 ︷︷                                 ︸

𝑓 𝐵
𝑖𝑗3

if ℎ = 3,

with 𝑐𝑖 𝑗1 = 𝑐 𝑗𝑖2 = (𝑑−1
𝑖 𝑗
𝑥𝑖Λ

−𝜒
𝑖

�̃� 𝑗Λ
−𝜆
𝑗
)𝛾, 𝑐𝑅

𝑖𝑗3 = 𝛽 �̃� 𝑗Λ−𝜆
𝑗
𝑐𝑖 𝑗1, and 𝑐𝑊

𝑖𝑗3 = 1−𝛼
𝛼 �̃�𝑖Λ

−𝜆
𝑖
𝑐𝑖 𝑗2,

• such that we have the AAL formulation of the equilibrium:

𝑥𝑖ℎ =
1
𝑟

∑
𝑗

𝑓𝑖 𝑗ℎ(𝒙), (45)

with 𝑟 =
∑
𝑚

∑
𝑛
𝑐𝑚𝑛1𝑥

𝜒𝛾
𝑚1𝑥

𝜆𝛾
𝑛2 𝑥

− 1−𝛼
𝛼 𝜂𝛾

𝑛3 𝑥
−𝛽𝜂𝛾
𝑚3 .

We need to find the three-by-three matrix defined by coefficients: 𝑎ℎℎ′ =
(
sup
𝑖 , 𝑗

∑
𝑗
|
𝜕 ln

∑
𝑘

𝑓𝑖𝑘ℎ(𝑥)

𝜕 ln 𝑥 𝑗ℎ′
|+∑

𝑗
| 𝜕 ln 𝑟
𝜕 ln 𝑥 𝑗ℎ′

|
)
ℎℎ′

.

First we look at the derivatives of the common scalar 𝑟:

• for ℎ′ = 1:

𝜕 ln 𝑟

𝜕 ln 𝑥 𝑗1
=

∑
𝑚

∑
𝑛

𝑐𝑚𝑛1𝑥
𝜒𝛾
𝑚1𝑥

𝜆𝛾
𝑛2 𝑥

− 1−𝛼
𝛼 𝜂𝛾

𝑛3 𝑥
−𝛽𝜂𝛾
𝑚3

𝑟
𝜒𝛾1(𝑚 = 𝑗)

=

∑
𝑛

𝑐 𝑗𝑛1𝑥
𝜒𝛾
𝑗1 𝑥

𝜆𝛾
𝑛2 𝑥

− 1−𝛼
𝛼 𝜂𝛾

𝑛3 𝑥
−𝛽𝜂𝛾
𝑗3

𝑟
𝜒𝛾

∑
𝑗

| 𝜕 ln 𝑟

𝜕 ln 𝑥 𝑗1
| =

∑
𝑗

∑
𝑛

𝑐 𝑗𝑛1𝑥
𝜒𝛾
𝑗1 𝑥

𝜆𝛾
𝑛2 𝑥

− 1−𝛼
𝛼 𝜂𝛾

𝑛3 𝑥
−𝛽𝜂𝛾
𝑗3

𝑟
𝜒𝛾∑

𝑗

| 𝜕 ln 𝑟

𝜕 ln 𝑥 𝑗1
| = 𝜒𝛾,
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• for ℎ′ = 2:

𝜕 ln 𝑟

𝜕 ln 𝑥 𝑗2
=

∑
𝑚

∑
𝑛

𝑐𝑚𝑛1𝑥
𝜒𝛾
𝑚1𝑥

𝜆𝛾
𝑛2 𝑥

− 1−𝛼
𝛼 𝜂𝛾

𝑛3 𝑥
−𝛽𝜂𝛾
𝑚3

𝑟
𝜆𝛾1(𝑛 = 𝑗)

=

∑
𝑚

𝑐𝑚𝑗1𝑥
𝜒𝛾
𝑚1𝑥

𝜆𝛾
𝑗2 𝑥

− 1−𝛼
𝛼 𝜂𝛾

𝑗3 𝑥
−𝛽𝜂𝛾
𝑚3

𝑟
𝜆𝛾 ≤ 𝜆𝛾,

∑
𝑗

| 𝜕 ln 𝑟

𝜕 ln 𝑥 𝑗2
| =

∑
𝑗

∑
𝑚

𝑐𝑚𝑗1𝑥
𝜒𝛾
𝑚1𝑥

𝜆𝛾
𝑗2 𝑥

− 1−𝛼
𝛼 𝜂𝛾

𝑗3 𝑥
−𝛽𝜂𝛾
𝑚3

𝑟
𝜆𝛾∑

𝑗

| 𝜕 ln 𝑟

𝜕 ln 𝑥 𝑗2
| = 𝜆𝛾,

• and for ℎ′ = 3:

𝜕 ln 𝑟

𝜕 ln 𝑥 𝑗3
=

∑
𝑚

∑
𝑛

𝑐𝑚𝑛1𝑥
𝜒𝛾
𝑚1𝑥

𝜆𝛾
𝑛2 𝑥

− 1−𝛼
𝛼 𝜂𝛾

𝑛3 𝑥
−𝛽𝜂𝛾
𝑚3

𝑟

(
− 1 − 𝛼

𝛼
𝜂𝛾1(𝑛 = 𝑗) − 𝛽𝜂𝛾1(𝑚 = 𝑗)

)
=

∑
𝑚

𝑐𝑚𝑗1𝑥
𝜒𝛾
𝑚1𝑥

𝜆𝛾
𝑗2 𝑥

− 1−𝛼
𝛼 𝜂𝛾

𝑗3 𝑥
−𝛽𝜂𝛾
𝑚3

𝑟

(
− 1 − 𝛼

𝛼
𝜂𝛾

)
+
∑
𝑛

𝑐 𝑗𝑛1𝑥
𝜒𝛾
𝑗1 𝑥

𝜆𝛾
𝑛2 𝑥

− 1−𝛼
𝛼 𝜂𝛾

𝑛3 𝑥
−𝛽𝜂𝛾
𝑗3

𝑟

(
− 𝛽𝜂𝛾

)
∑
𝑗

| 𝜕 ln 𝑟

𝜕 ln 𝑥 𝑗3
| = 1 − 𝛼

𝛼
𝜂𝛾 + 𝛽𝜂𝛾,

then we the partial derivatives of functions 𝑓 :

• ℎ = 1, ℎ′ = 1, ∀(𝑖 , 𝑗):

𝜕 ln
∑
𝑘

𝑓𝑖𝑘1(𝑥)

𝜕 ln 𝑥 𝑗1
=

∑
𝑘

𝑓𝑖𝑘1(𝑥)∑
𝑘′

𝑓𝑖𝑘′1(𝑥)
𝜕 ln 𝑓𝑖𝑘1(𝑥)
𝜕 ln 𝑥 𝑗1

=

∑
𝑘

𝑓𝑖𝑘1(𝑥)∑
𝑘′

𝑓𝑖𝑘′1(𝑥)
𝜒𝛾1(𝑖 = 𝑗)

= 𝜒𝛾1(𝑖 = 𝑗),∑
𝑗

����𝜕 ln
∑
𝑘

𝑓𝑖𝑘1(𝑥)

𝜕 ln 𝑥 𝑗1

���� = 𝜒𝛾,

so 𝑎11 = 2𝜒𝛾.
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• ℎ = 1, ℎ′ = 2, ∀(𝑖 , 𝑗):

𝜕 ln
∑
𝑘

𝑓𝑖𝑘1(𝑥)

𝜕 ln 𝑥 𝑗2
=

∑
𝑘

𝑓𝑖𝑘1(𝑥)∑
𝑘′

𝑓𝑖𝑘′1(𝑥)
𝜕 ln 𝑓𝑖𝑘1(𝑥)
𝜕 ln 𝑥 𝑗2

=

∑
𝑘

𝑓𝑖𝑘1(𝑥)∑
𝑘′

𝑓𝑖𝑘′1(𝑥)
𝜆𝛾1(𝑘 = 𝑗)

=
𝑓𝑖 𝑗1(𝑥)∑

𝑘′
𝑓𝑖𝑘′1(𝑥)

𝜆𝛾,

∑
𝑗

����𝜕 ln
∑
𝑘

𝑓𝑖𝑘1(𝑥)

𝜕 ln 𝑥 𝑗2

���� = 𝜆𝛾,

so 𝑎12 = 2𝜆𝛾.

• ℎ = 1, ℎ′ = 3, ∀(𝑖 , 𝑗):

𝜕 ln
∑
𝑘

𝑓𝑖𝑘1(𝑥)

𝜕 ln 𝑥 𝑗3
=

∑
𝑘

𝑓𝑖𝑘1(𝑥)∑
𝑘′

𝑓𝑖𝑘′1(𝑥)
𝜕 ln 𝑓𝑖𝑘1(𝑥)
𝜕 ln 𝑥 𝑗3

=

∑
𝑘

𝑓𝑖𝑘1(𝑥)∑
𝑘′

𝑓𝑖𝑘′1(𝑥)

(
− 1 − 𝛼

𝛼
𝜂𝛾1(𝑘 = 𝑗) − 𝛽𝜂𝛾1(𝑖 = 𝑗)

)
= −1 − 𝛼

𝛼
𝜂𝛾

𝑓𝑖 𝑗1(𝑥)∑
𝑘′

𝑓𝑖 𝑗′1(𝑥)
− 𝛽𝜂𝛾1(𝑖 = 𝑗)

∑
𝑗

����𝜕 ln
∑
𝑘

𝑓𝑖𝑘1(𝑥)

𝜕 ln 𝑥 𝑗3

���� = 1 − 𝛼
𝛼

𝜂𝛾 + 𝛽𝜂𝛾,

so 𝑎13 = 2
(

1−𝛼
𝛼 𝜂𝛾 + 𝛽𝜂𝛾

)
.

• ℎ = 2, ℎ′ = 1, ∀(𝑖 , 𝑗):

𝜕 ln
∑
𝑘

𝑓𝑖𝑘2(𝑥)

𝜕 ln 𝑥 𝑗1
=

∑
𝑘

𝑓𝑖𝑘2(𝑥)∑
𝑘′

𝑓𝑖𝑘′2(𝑥)
𝜕 ln 𝑓𝑖𝑘2(𝑥)
𝜕 ln 𝑥 𝑗1

=

∑
𝑘

𝑓𝑖𝑘2(𝑥)∑
𝑘′

𝑓𝑖𝑘′2(𝑥)
𝜒𝛾1(𝑘 = 𝑗)

=
𝑓𝑖 𝑗2(𝑥)∑

𝑘′
𝑓𝑖𝑘′2(𝑥)

𝜒𝛾

∑
𝑗

����𝜕 ln
∑
𝑘

𝑓𝑖𝑘2(𝑥)

𝜕 ln 𝑥 𝑗1

���� = 𝜒𝛾,

so 𝑎21 = 2𝜒𝛾.
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• ℎ = 2, ℎ′ = 2, ∀(𝑖 , 𝑗):
𝜕 ln

∑
𝑘

𝑓𝑖𝑘2(𝑥)

𝜕 ln 𝑥 𝑗2
=

∑
𝑘

𝑓𝑖𝑘2(𝑥)∑
𝑘′

𝑓𝑖𝑘′2(𝑥)
𝜕 ln 𝑓𝑖𝑘2(𝑥)
𝜕 ln 𝑥 𝑗2

=

∑
𝑘

𝑓𝑖𝑘2(𝑥)∑
𝑘′

𝑓𝑖𝑘′2(𝑥)
𝜆𝛾1(𝑖 = 𝑗)

= 𝜆𝛾1(𝑖 = 𝑗),∑
𝑗

����𝜕 ln
∑
𝑘

𝑓𝑖𝑘2(𝑥)

𝜕 ln 𝑥 𝑗2

���� = 𝜆𝛾,

so 𝑎22 = 2𝜆𝛾.

• ℎ = 2, ℎ′ = 3, ∀(𝑖 , 𝑗):
𝜕 ln

∑
𝑘

𝑓𝑖𝑘2(𝑥)

𝜕 ln 𝑥 𝑗3
=

∑
𝑘

𝑓𝑖𝑘2(𝑥)∑
𝑘′

𝑓𝑖𝑘′2(𝑥)
𝜕 ln 𝑓𝑖𝑘2(𝑥)
𝜕 ln 𝑥 𝑗3

=

∑
𝑘

𝑓𝑖𝑘2(𝑥)∑
𝑘′

𝑓𝑖𝑘′2(𝑥)

(
− 1 − 𝛼

𝛼
𝜂𝛾1(𝑖 = 𝑗) − 𝛽𝜂𝛾1(𝑘 = 𝑗)

)
= −1 − 𝛼

𝛼
𝜂𝛾1(𝑖 = 𝑗) − 𝛽𝜂𝛾

𝑓𝑖 𝑗2(𝑥)∑
𝑘′

𝑓𝑖𝑘′2(𝑥)

∑
𝑗

����𝜕 ln
∑
𝑘

𝑓𝑖𝑘2(𝑥)

𝜕 ln 𝑥 𝑗3

���� = 1 − 𝛼
𝛼

𝜂𝛾 + 𝛽𝜂𝛾,

so 𝑎23 = 2
(

1−𝛼
𝛼 𝜂𝛾 + 𝛽𝜂𝛾

)
.

• ℎ = 3, ℎ′ = 1, ∀(𝑖 , 𝑗):
𝜕 ln

∑
𝑘

𝑓𝑖𝑘3(𝑥)

𝜕 ln 𝑥 𝑗1
=

∑
𝑘

𝑓𝑖𝑘3(𝑥)∑
𝑘′

𝑓𝑖𝑘′3(𝑥)
𝜕 ln 𝑓𝑖𝑘3(𝑥)
𝜕 ln 𝑥 𝑗1

=

∑
𝑘

𝑓𝑖𝑘3(𝑥)∑
𝑘′

𝑓𝑖𝑘′3(𝑥)

[
𝑓 𝐴
𝑖𝑘3
𝑓𝑖𝑘3

𝜕 ln 𝑓 𝐴
𝑖𝑘3(𝑥)

𝜕 ln 𝑥 𝑗1
+

𝑓 𝐴
𝑖𝑘3
𝑓𝑖𝑘3

𝜕 ln 𝑓 𝐵
𝑖𝑘3(𝑥)

𝜕 ln 𝑥 𝑗1

]
=

∑
𝑘

𝑓𝑖𝑘3(𝑥)∑
𝑘′

𝑓𝑖𝑘′3(𝑥)

[
𝑓 𝐴
𝑖𝑘3
𝑓𝑖𝑘3

𝜒𝛾1(𝑖 = 𝑗) +
𝑓 𝐴
𝑖𝑘3
𝑓𝑖𝑘3

𝜒𝛾1(𝑘 = 𝑗)
]

= 𝜒𝛾1(𝑖 = 𝑗)

∑
𝑘

𝑓 𝐴
𝑖𝑘3(𝑥)∑

𝑘′
𝑓𝑖𝑘′3(𝑥)

+ 𝜒𝛾
𝑓 𝐵
𝑖𝑗3(𝑥)∑

𝑘′
𝑓𝑖𝑘′3(𝑥)

,

∑
𝑗

����𝜕 ln
∑
𝑘

𝑓𝑖𝑘3(𝑥)

𝜕 ln 𝑥 𝑗1

���� = 𝜒𝛾

∑
𝑘

𝑓 𝐴
𝑖𝑘3(𝑥) +

∑
𝑗
𝑓 𝐵
𝑖𝑗3(𝑥)∑

𝑘′
𝑓𝑖𝑘′3(𝑥)

= 𝜒𝛾,
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so 𝑎31 = 2𝜒𝛾.

• ℎ = 3, ℎ′ = 2, ∀(𝑖 , 𝑗):

𝜕 ln
∑
𝑘

𝑓𝑖𝑘3(𝑥)

𝜕 ln 𝑥 𝑗2
=

∑
𝑘

𝑓𝑖𝑘3(𝑥)∑
𝑘′

𝑓𝑖𝑘′3(𝑥)

[
𝑓 𝐴
𝑖𝑘3
𝑓𝑖𝑘3

𝜕 ln 𝑓 𝐴
𝑖𝑘3(𝑥)

𝜕 ln 𝑥 𝑗2
+

𝑓 𝐴
𝑖𝑘3
𝑓𝑖𝑘3

𝜕 ln 𝑓 𝐵
𝑖𝑘3(𝑥)

𝜕 ln 𝑥 𝑗2

]
= ...∑

𝑗

����𝜕 ln
∑
𝑘

𝑓𝑖𝑘3(𝑥)

𝜕 ln 𝑥 𝑗2

���� = 𝜆(𝛾 + 1),

so 𝑎32 = 2𝜆𝛾 + 𝜆.

• ℎ = 3, ℎ′ = 3, ∀(𝑖 , 𝑗):

𝜕 ln
∑
𝑘

𝑓𝑖𝑘3(𝑥)

𝜕 ln 𝑥 𝑗3
=

∑
𝑘

𝑓𝑖𝑘3(𝑥)∑
𝑘′

𝑓𝑖𝑘′3(𝑥)

[
𝑓 𝐴
𝑖𝑘3
𝑓𝑖𝑘3

𝜕 ln 𝑓 𝐴
𝑖𝑘3(𝑥)

𝜕 ln 𝑥 𝑗3
+

𝑓 𝐴
𝑖𝑘3
𝑓𝑖𝑘3

𝜕 ln 𝑓 𝐵
𝑖𝑘3(𝑥)

𝜕 ln 𝑥 𝑗3

]
= ...∑

𝑗

����𝜕 ln
∑
𝑘

𝑓𝑖𝑘3(𝑥)

𝜕 ln 𝑥 𝑗3

���� = 𝛽𝜂𝛾 + 1 − 𝛼
𝛼

𝜂(𝛾 + 1),

so 𝑎32 = 2
(

1−𝛼
𝛼 𝜂𝛾 + 𝛽𝜂𝛾

)
+ 1−𝛼

𝛼 𝜂.

The condition to have a contraction is then 𝜌(𝑨) < 1 with:

𝑨 =

©«

2𝜒𝛾 2𝜆𝛾 2
(

1−𝛼
𝛼 𝜂𝛾 + 𝛽𝜂𝛾

)
2𝜒𝛾 2𝜆𝛾 2

(
1−𝛼
𝛼 𝜂𝛾 + 𝛽𝜂𝛾

)
2𝜒𝛾 2𝜆𝛾 + 𝜆 2

(
1−𝛼
𝛼 𝜂𝛾 + 𝛽𝜂𝛾

)
+ 1−𝛼

𝛼 𝜂

ª®®®®®®®¬
.

To compute the spectral radius of 𝑨, we compute its eigenvalues by solving the characteristic
polynom 𝑑𝑒𝑡(𝐴 − 𝑥𝐼) = 0:

• 0 is always solution (𝑨 has two identical rows;

• the two other eigenvalues are:

𝑒𝑣± = [𝜒 + 𝜆 + (𝛽 + 1 − 𝛼
𝛼

)𝜂]𝛾 + 1 − 𝛼
𝛼

𝜂

2

±

√(
[𝜒 + 𝜆 + (𝛽 + 1 − 𝛼

𝛼
)𝜂]𝛾 + 1 − 𝛼

𝛼

𝜂

2

)2
+ 2

(
(𝜒 + 𝜆)𝛾1 − 𝛼

𝛼
𝜂 + 𝜆(𝛽 + 1 − 𝛼

𝛼
)𝜂𝛾

)
.
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So the spectral radius of 𝑨 is equal to:

𝜌(𝑨) =[𝜒 + 𝜆 + (𝛽 + 1 − 𝛼
𝛼

)𝜂]𝛾 + 1 − 𝛼
𝛼

𝜂

2

+

√(
[𝜒 + 𝜆 + (𝛽 + 1 − 𝛼

𝛼
)𝜂]𝛾 + 1 − 𝛼

𝛼

𝜂

2

)2
+ 2

(
(𝜒 + 𝜆)𝛾1 − 𝛼

𝛼
𝜂 + 𝜆(𝛽 + 1 − 𝛼

𝛼
)𝜂𝛾

)
.

We note that when 𝜂 → 0, and the floorspace equilibrium is shut down, we are back
to the condition that 2(𝜆 + 𝜒)𝛾 < 1, which is what AAL find.
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