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1 Introduction

Global warming will lead to increasing frequency, severity and duration of multiple cli-
mate hazards [I]. Direct impacts of these hazards on large firms can have substantial
macro-economic consequences [2]. Additionally, the propagation of these impacts through
global supply chains [3, 4] can significantly amplify macro-economic volatility [5,[6]. These
evidences on the micro-economic origins of macro-economic volatility and the heterogene-
ity of the spatial distribution of hazards suggest that the macro-economic consequences
of global warming should be evaluated from the bottom-up by considering impacts on
individual production units and their propagation through production networks before
aggregating at the macro level [7,[§]. Furthermore, the economic and policy relevance of
low probability /high-impact events [9, [10] imply that one shall consider the whole distri-
bution of risks rather than focus on their expected value. Co-occurring events resulting
in compounding and cascading risks are particularly relevant in this respect [I], 11].
Against this background, existing approaches to climate impact assessment rely on a
number of intermediary aggregation steps that can opacify transmission mechanisms, ren-
der difficult the identification of the main sources of risk (both in terms of exposure and
hazards), underestimate the amplification of impacts through economic networks, and
mostly fail to consider the tail fo the distribution of impacts. Indeed, optimal growth
integrated assessment models [12] 13}, [T4] postulate the existence of a deterministic dam-
age function that measure directly macro-economic impacts as a function of temperature.
Computable general equilibrium models aggregate uncertainty and spatial heterogeneity
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as they consider expected value of impacts at the country or regional level [15, [16]. They
also smoothen the response of the economy by considering it adjusts instantaneously and
efficiently to impacts. The few existing agent-based approaches to integrated assessment
[17, 18] allow to consider richer economic dynamics but also rely on aggregate represen-
tation of impacts and/or of economic units and do not yet match the empirical breadth
of computable general equilibrium models.

This paper provides, to our knowledge, the first empirically calibrated firm-level agent-
based model of the world economy. This model is matched with granular projections of
climate impacts in order to project a complete distribution of macro-economic impacts,
to identify structural changes in macro-economic volatility and and to pin down the main
sources of risk, in terms of hazard, exposure and propagation channels . We account
for the following set of hazards: tropical storms, winter storms, coastal flooding, river
flooding, wildfires, heat stress, landslides, and agricultural droughts .

Our approach relies on a number of methodological and conceptual innovations. First,
we have developed a simple agent-based model of economic dynamics that can simulate
efficiently up to millions of firms, reproduce key stylized facts of economic dynamics
and has a limit behavior consistent with equilibrium [19] 20, 21]. We can thus use the
equilibrium state to calibrate the model while overcoming the computational [22] and
conceptual [7, 8] limits of equilibrium models using agent-based dynamics. In particular,
our model allows to account for supply bottlenecks, rationing, delays in price and behav-
ioral adjustment that reduce the efficiency of the economic response to climate impacts
with respect to equilibrium behavior. Second, we build on network reconstruction meth-
ods [23] to infer firm level production networks from global input-output tables [24] and
large databases of firm-level characteristics. This allows to overcome limited availability
of data about supply relationships and to generate firm-level networks consistent with
global flows at the sectoral level. Third, the firm/plant level resolution of the model
allows to represent climate impacts at a high level of spatio-temporal granularity and
to account for compounding effects linked to the simultaneous occurrence of multiple
hazards.

The remaining of this paper is organized as follows. Section [2 presents the key char-
acteristics of our agent-based model and of the representation of climate impacts in a
dynamics setting. Section |3| highlights the main quantitative results of our analysis .
Section [4] impacts of climate hazards on economic dynamics. Section [4| provides a de-
tailed description of our methods. Section [5| concludes.

2 An agent-based integrated assessment model

We model the global economy as a set M of 100088 agents consisting in a set F of 100000
geolocalized firms distributed across 44 world regions, and a set H of two representative
households per region (see methods for details). TODO sectoral characteristics. Each
firm produces a differentiated good using, as intermediary inputs, goods produced by
other firms (from inside and outside the region) as well as labor and capital services
(from the region). In each region, one household, referred to as worker, provides labor
services and a second household, referred to as capitalist, provides capital services. Both
households consume goods produced by firms (from inside and outside the region).



More formally, we consider discrete period of time ¢t = 1,--- ,T and assume the state
of each agent i € M in each period ¢ € N is characterized by (i) its stock of output
¢t € Ry, (ii) the price of its output p! € R, and (iii) its monetary balances m! € R,.
The interactions in the economy are governed by the network of supply relationships
represented by the column-stochastic matrix ® = (¢ ;)ijem where ¢;; € Ry is the
share of input 7 in the production/consumption process of agent j. In absence of external
(climate-related) shocks, we assume that the evolution of the system is governed by the
following agent-based dynamics.

1.

2.

Each agent i € M receives the nominal demand ), \, ¢} ;m/

Agents adjust their prices frictionally towards their market-clearing values according
to:

pi = 7ol + (1= 1)pi ! (1)
where 7, € [0,1] is a parameter measuring the speed of price adjustment and p! is
the market-clearing price given by:

t t
ﬁ: _ Zje/\/l fbi,jmj . (2)

4;

. Agents receive inputs proportional to their demand (including proportional ra-

tioning in case of excess demand), i.e. the input of agent ¢ in good j is given
by:

mt
iji(t) mln(q], Phem @ 3, kmk/p )¢t p (3)
j
Firms update their inventory by producing new output and accounting for sales,
ie:
H—l_qZ szk_‘_fz xz (4)
keM

where f; is firm i production function (see methods).

The inventory of “households” is set equal to their (fixed) supply of labor and
capital services.

. Money balances are determined by expenses and revenues, i.e:

Vi€ M, it =mi+ ) vl = > vt (5)

keM keM
Firms adjust frictionally their input share:
O =T (0) + (1= Tu)d (6)

where 7, € [0, 1] measures the speed of technological adjustment and Etl(pt) is the
optimal input combination given prevailing prices (see methods for details).



The behavior of this model has been extensively analyzed in previous contributions
[19, 21]. If price adjustment is fast, the economy converges to the underlying general
equilibrium (see methods). If price adjustment is slow, inventories carry the burden of
adjustment and the economy is characterized by a synchronized state with large ”cyclical
volatility”. The application of the model to the assessment of COVID lockdown policies
has highlighted that the consideration of dynamic propagation mechanisms, through the
network of supply relationships ®, allows to represent more precisely the recovery period.
Furthermore, even in the parameter range where general equilibrium is dynamically sta-
ble, cost estimates are much larger if one accounts for out-of-equilibrium adjustments
than in computational general equilibrium models [25, 20].

The model provides a dynamic, micro-level and geolocalized representation of the pro-
duction and exchange processes. This is a natural framework to assess climate impacts
from the bottom-up. Conceptually, the state of the climate can be seen as a stochas-
tic process whose realisations impact the local supply of labor and capital services in
the economy. More formally, one considers a family of stochastic processes (A!);cn and
(kh)ienr, with values in [0, 1], representing the availability of labor and capital services at
the location of firm 7. An amount xz(im of labor input purchased by firm ¢ in period ¢t then
effectively yield )\ﬁxz(w units of labor services and, similarly, an amount x}i(i)’i of labor
input purchased by firm 7 in period t effectively yield /fﬁ:c',;(m units of capital services.
Our actual model of climate impact specifies (i) how the stochastic processes defining
local impacts on labor and capital services are derived from projections of future climate
and extreme weather events, (ii) how economic agents react to these direct impacts and
(iii) how they propagate through input-output relationships (indirect impacts).

As for the modelling of direct impacts, lacking a comprehensive understanding of
the correlation structure across space, time and type of hazards, the existing literature
has partitioned climate impacts in (independent) domains/hazards and usually considers
the year as a reference timeframe. Thus hazards are usually characterized by their yearly
probability of occurrence or their return periods (in years) while the occurrence of hazards
is assumed to be independent across years (though generally not identically distributed
to account for the effects of climate change). In relation to this literature, we consider
the following set ‘H of hazards/domains: tropical storms, winter storms, coastal flooding,
river flooding, wildfires, heat stress, landslides, and agricultural droughts . We then fix
a time frame (between 2020 and 2090) and a climate scenario (among RCP 2.6, RCP
6 and RCP 8.5) and generate realisations of climate impacts according to the following
procedure (see methods for details).

e For each year of the time-frame, we draw a yearly realization of each hazard for each
location according to the distribution corresponding to the given year and climate
scenario.

e We further draw uniformly at random (within the potential period of occurrence)
the starting date of the hazard.

e Realizations can be correlated across hazards and locations because they are in-
duced by the same event (e.g. a tropical storm yielding wind and flood related
impacts at multiple contiguous locations) or because they are driven by the same



climatic conditions, (e.g. agricultural droughts and heat-stress driven by the same
temperature and precipitation patterns).

e For each realized hazard and each agent i, we use vulnerability functions taking
into account the intensity of the hazard at the location of ¢ as well as the the
technological and geographical characteristics of 7 to determine the impact on labor
and capital services.

e As for impact on labor services, they are directly derived from the vulnerability
function, which is conventionally expressed in terms of reduced labor productiv-
ity. The factor \! then corresponds to the reduced productivity level during the
occurrence of the hazard.

e As for impact on capital, services, vulnerability metrics are usually expressed in
terms of share of capital destroyed. Therefrom, one can also derive number of
business days interruptions (see methods for details). To represent the impacts an
hazard occurring at date ty inducing the loss of a share k; of capital and d; days of
business to agent i, we use two possible specifications for «} :

— A 0-1 specification whereby ! = (1 — k;) for t € [to, to + di]

. . . to+d; —t
— A linear specification whereby k! =1 — kiod—z for t € [to, to + d;]
i
e If multiple hazard co-occur at the same location, the maximum of impacts is taken
into consideration to define x! and AL

The direct impact of these climate shocks on the dynamics of the model is the distor-
tion of labor and capital supply so that Equation above is perturbed as:
QfH = Qf - Z xfk + fz’@\ﬁﬁ(i),m Hzxi:(i),i? $t—{€(i),k(i)},i) (7)
keM

The firm has limited capacity to adapt to these direct impacts on capital and labor services
by substituting other inputs (following Equation @) as the elasticity of substitution
between labor services, capital services and intermediary inputs is low (less than one in
our setting with nested Cobb-Douglas structure, see methods). Thus, the firm is likely
to face substantive reduction of its output when experiencing a climate hazard.

Following Equations (2] to , this shock propagates downstream in the production
networks as firms sequentially receive less intermediary inputs and thus produce less
output. These reductions in output lead to a combination of rationing and upward
price adjustment proportionally to the speed of price adjustment. In turn, following
Equation @, upward price adjustments can lead downstream firms to substitute away
from impacted firms and thus to reduce their nominal demand. This feedback effect can
then propagate upwards as, following Equation , affected firms themselves reduce their
nominal demand.



3 Results

We provide preliminary results highlighting the impact of climate shocks on the dynamics
of output. We consider climate impacts corresponding to scenario RCP 2.6 at the horizon
2050. Figure[I]displays the resulting trajectories of 20 Monte-Carlo runs for random draws
of impacts according to the corresponding distribution of climate impacts.
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Figure 1: Trajectory of aggregate output of the economy for 20 random realizations of
climate impacts

4 Methods

4.1 Calibration of the production network

We generate a global firm-level production network by combining the world input-output
database [WIOD, see 26] with Capital 1Q) global firms database [CIQ, see 27] as follows.
The WIOD is based on a taxonomy of 56 sectors from the International Standard Indus-
trial Classification revision 4 (ISIC Rev. 4) and 44 countries (EU 27 countries, Australia,
Brazil, Canada, China, India, Indonesia Japan, Mexico, Norway, Russia, Taiwan, Turkey,
South Korea, Switzerland, United Kingdom, United States, and the rest of the world).
It provides for each such country/sector pair, the value of input-output flows, the labor



and capital share in value-added and the final consumptions. We further introduce two
representative “households” per country: a “worker” receiving from each domestic sec-
tor the labor share of value-added and consuming proportionally to final consumption,
a “capitalist” receiving from each domestic sector the capital share of value-added and
consuming capital formation and the residual share of consumption. The WIOD thus
induces a production network with N° = 2552 agents (corresponding to 56 productive
sectors and 2 household sectors per country) whose interactions are a characterized by a
matrix A° such that A?,j represents the input flow from agent 7 to agent j. For each agent

0

1, the sum of coefficient on line 17, Zjvzol A? . that represents the total revenues is equal

7,77
to the sum of coefficient on column 7, Zjvzol Ag‘,w that represent total expenditures.
CIQ is a global database of firms. After filtering our for firms for which data is
available on revenues, number of employees, industrial sector (sic code), country and
address, we obtain a total of 644782 firms. This sample appears representative as it
accounts for 100 trillions US$ in revenues (out of a total world output of 240 trillions US$
according to WIOD) and for 300 million of employees [out of 1.3 billion people employed
in the formal sector according to 28]. We thus use the CIQ database to downscale the
WIOD production network at the firm-level, generating a production network with N = 6
(the set of CIQ firms and two representative households per WIOD country as above).
The downscaling procedure is as follows.

(i) We first match each firm in CIQ to the corresponding country/sector pair in WIOD.
We then assign to each firm a level of output corresponding to the share of the
output of the WIOD country /sector pair given by the ratio between its revenues
and the total revenues of the firm matched to that country/sector pair.

(ii) For each household h , we draw at random deg, firms ( deg, = 200 by default)
that belong to country-sector pairs ¢ such that Agh > 0 and allocate the value of
the consumption of h uniformly among those (up to the level of output they have
available).

(iii) To each firm j in a country-sector pair k, we assign a share of the labor and capital
compensation paid by k to the worker and the capitalist in its country (denoted
respectively w(j) and ¢(j) ). proportional to its share of revenues Further, we draw
at random deg; firms (deg; = 20 by default) that belong to country-sector pairs
¢ such that Ag,k > 0 and allocate the value of the intermediary consumption of j
(i.e. the value of its output minus the payment for the compensation of labor and
capital) uniformly among those (up to the level of output they have available).

(iv) The resulting matrix of input-output flows A® is not necessarily consistent in the
sense that one might have Zjvzl Aj; # Zjvzl Aj;. To make it consistent, we first
derive a matrix of input requirement by normalizing A' to A' defined for all i, j
by Azlj = Azl,j/z{j:lA}w. The matrix A' is column-stochastic and the associated
Perron-Froebenius eigenvector v represents the distribution of output among firms
when production occurs according to the input requirements specified by A'. We
then rescale the matrix proportionally to total output in order to obtain our final



input-output flow matrix A. That is we let

AO
A:AIdia (Zh 1 Nk 1 h,k ) (8)

i=1 Vi

where 3TN SN0 Aj 1, is the total WIOD output and diag(z) denotes the diagonal
matrix whose coefficients are given by the vector x.

The initial network of supply relationships for the agent-based dynamics ,®°, is then
obtained by normalizing the matrix A so that for all 7, j € M, one has

0 % 9)
" Zke/\/t Ak,j

represented by the column-stochastic matrix ® = (¢ ;)i jerm

4.2 General equilibrium structure

The production network defined above can be identified with the general equilibrium of
a C.E.S. economy as follows.

4.2.1 household

We assume that each household A initially provides a fixed amount of labor (resp. capital)
services given by yp 1= Y.\, an. Furthermore, each household has C.E.S preferences of

the form o
Tp) = (Z ﬁh,iﬂ) (10)

i€F
where for all © € M, By, is of the form 3} ; := 'ya}ﬁe. Hence defined, 3, is such that the
nominal demand of household % to agent i at a general equilibrium is equal to a;; (when
equilibrium prices are uniformly equal to one, see section below).

4.2.2 firms

The production possibilities of each firm is described by a production function combining
domestic labor and capital services with a C.E.S combination of domestic and interna-
tional inputs. Namely, the production technology of firm j is of the form:

( ()~ %e())/6
Fi @iy Tey, (@n)ner) = Tl ool <Z ﬁh]xh) .

heF
where z,(;) and ;) are the domestic input of labor and capital inputs, o, ; and o
are the (nominal) share of labor and capital in the input mix. The production function

: : : Aw(j). Ge(j).g
s calibrated by sett W) = =———, O¢(jy = —=——— and for all k € F, B, =
i ibr y ing av,(j) S an; Qe(j) S an, nd for Bk,

0

Zy—Ja}f Je where y; = > ..\, a;,- Hence defined, a; and j3; are such that the nominal
ieF Fij

demand of firm j to agent ¢ at a general equilibrium is equal to a;; (when equilibrium

prices are uniformly equal to one, see section below).

8



4.2.3 Equilibrium

We denote the economic system introduced above as £(M, «, 5,0). In this setting, a
general equilibrium is defined as follows.

Definition 1 A general equilibrium of the economy E(M, «, 3,0). is a collection of prices
p* e Rf, production levels y* € Rf and commodity flows (mf’j)i’jeM € RJEXM such that:

(i) Consumers mazimize their utility under their budget constraint. That is for all
heMt, (yi,x;) € Ry x RZ is a solution to

maz up(x)
s.tp* -z < piy;
(ii) Firms mazimize profits. That is for all j € F, (y;,7}) € Ry x R is a solution to
max p;y; — P - T
st fi(z;) =y

(11i) Markets clear. That is for all i € M, one has

* *
Y, = E L

JEM

4.3 Agent-based dynamics
4.3.1 Optimal input combinations

The evolution of input shares specified n Equation [6]is such that firms progressively adjust
their technological coefficients towards the optimal mix given their production functions.
Namely, a;(p) is the solution of the following optimization problem

Quw(i)i Qe(i)i Dy
max  f;(———, () jem)

Puw(yi Peyi Pi (12)
s.t. Z]EM Qj; = 1

4.3.2 Limit properties of the dynamics

The asymptotic properties of the model, in absence of climate shocks, has extensively
been analyzed in [19]. Numerical investigation reveals the presence of 3 distinct phases
as illustrated in Figure [2}



(i)

For very low speed of the price adjustment process (and independently of the speed
of technological adjustment) the economy is characterized by a synchronized state
with large ”cyclical volatility”. The system then oscillates between inflation and
deflation, aggregate excess demand and excess supply, positive and negative profits.
In this phase, as the prices evolve too slowly, output stocks carry the burden of
adjustment. This leads to very strong feedback effects which entail a synchronized
state of the economy

For intermediate speeds of price adjustment the system converges to equilibrium.

When both price and technological adjustment speeds are high the economy reaches
an "excess demand” phase with rationing. There is persistent mismatch between
supply and demand, positive inflation and sustained volatility in the network. This
phase is however less robust and manifests itself only for values of 6 close enough
to 1.
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Figure 2: Phase diagram of the model with p.,, = 0 for § = 4/5. Note that the unsta-
ble phase in the upper right corner disappears for values of the elasticity parameter 6

Tp

sufficiently smaller than 1 (see details in the text).

The equilibrium phase is largely predominant in numerical experiments. Furthermore, in
the Cobb-Douglas case (6 = 0), one can show analytically convergence to equilibrium if
price adjustment is frictioneless(7, = 1.). Namely, one has (see [21] for the proof):

Proposition 1 If 6 = 0 and 7, = 1, the only globally asymptotically stable state of

the dynamical system defined by equations to @ is the element (M;,D;, Ti, G;)ien €
RY x RY x (RY)N x RY such that:

(p,T,q) is a general equilibrium of E(M, v, (,0).

m=Am

> PG =)™

JEM JEM
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Given the predominance of the equilibrium phase and the initial calibration of the
model as an equilibrium of the underlying general equilibrium model, in the following,
we will place ourselves in the equilibrium phase of the model, unless otherwise specified.

4.3.3 Geolocation of firms

In order to geolocalize firms in the database, we have used google maps API, by requesting
for each firm in the database the spatial coordinates of all the installations of the firm in
its country of incorporation.

4.4 Climate impact models
4.4.1 Climate projections

Our analysis considers chronic impacts of climate change on agricultural yields and on
labor productivity as well as an array of climate-related extreme events: tropical storms,
European winter storms, coastal floods, river floods, landslides, and wildfires. Consistency
of the projections between these different impact domains is ensured by considering the
same set of climate scenarios [rep 2.6, rep6 and rep8.5, see 29)], the use of climate-forcing
data from the ISIMIP 2b protocol [30, 31] and the same set of climate models [by default
the IPSL-CM5 Earth System Model 32]. The use of the same climate projections across
domains ensure correlation between extreme events induced by climate variables (mainly
temperature and precipitation) is accounted for.

4.4.2 Tropical storms

We build on the approach introduced in [33] for the projection of future impacts of tropical
cyclones. We consider the whole set of historical storm tracks from IBTrACS [34] from
which we generate twenty synthetic storm tracks per historical event. Future events for
a given RCP scenario and year are then generated by interpolating changes in intensity
and frequency from the projections in [35].

4.4.3 Winter storms

We consider as a baseline set of events the Copernicus synthetic windstorm events for
Europe [36]. As for the impact of climate change, the recent literature [37, 38], finds no
clear trend in frequency but mostly agrees on increasing storm intensity. Accordingly,
we generate a set of future events corresponding to a given RCP scenario and year by
interpolating changes in intensity derived in [39] .

4.4.4 Coastal floods

To account for the correlation between storm and coastal flooding event, we follow [40)]
and derive surge depths associated to storm events on the basis of a linear approximation
based on wind speed [see 41]. We combine this estimate of storm-induced surge with the
global topography grid at 15 arc sec derived in [42] and estimates of sea-level rise from
ISIMIP2b to derive scenario and year contingent estimates of flood depth associated with
each storm event.

11



4.4.5 River floods

We use ISIMIP multi-model global river flood model [see 43] to infer an ensemble of
realisations of maximal annual flooding extent at the global scale. For each global real-
ization, we assume that the probability of flooding at a given location is proportional to

the flooded fraction in the associated cell and has a magnitude given by the associated
flood depth.

4.4.6 Landslides

We infer baseline landslide risk from the atlas of global landslide and avalanche hotspots of
[44]. In particular, we estimate baseline frequency of landslide event according to Table 7
in [44]. Using a parametric relation between mean annual rainfall and landslide frequency
[45], [46], we then infer scenario and year contingent landslide frequency by perturbing the
baseline frequency proportionally to changes in mean annual rainfall derived from ISIMIP.
Beyond frequency correlation through this dependency on projected precipitations, the
occurrence of each landslide event is assumed to be independent.

4.4.7 Wildfires
4.4.8 Agricultural productivity

We use projection of changes in agricultural yields from ISIMIP [47]. ISIMIP provides a
multi-model ensemble.

4.4.9 Labor productivity

We infer location specific trajectories for labor productivity with a daily resolution fol-
lowing the approach of [48]. Namely, we build on the parametric relation established in
[49] to derive Wet Bulb Globe Temperature (WBGT) from ISIMIP data on daily max-
imum temperature and mean relative humidity. We then use the linear approximation
proposed in [48] for the effect of WBGT on labor productivity assuming a linear decrease
between 25° and 39.5°. We further assume, following [50], that WBGT is increased by
3° for outdoor activities in the sun.

5 Conclusion
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