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1. Introduction

The COVID-19 pandemic has generated a systemic economic
shock that is unprecedented in scale. It affected several markets si-
multaneously and fast spread to public and private finance. Accord-
ing to the International Monetary Fund (IMF)'s World Economic
Outlook (IMF, 2021), the COVID-19 recession is the deepest since
the end of World War II, with 7% output loss relative to the IMF's
3.4% growth forecast of October 2019, and its consequences will
likely be long-lasting. Governments and central banks have reacted
in an unprecedented manner to mitigate the socio-economic im-

* Corresponding author at: Vienna University of Economics and Business, Boston
University, EDHEC Business School, EDHEC-Risk Institute, Austria.
E-mail address: irene.monasterolo@wu.ac.at (I. Monasterolo).
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pacts of COVID-19, including in low-income countries (The World
Bank, 2020a).

Recent research discussed the implications of the COVID-19 cri-
sis on public debt sustainability (Stiglitz and Rashid, 2020), on
socio-economic inequality (Ahmed et al., 2020; Levy Yeyati and Fil-
ippini, 2021), and on financial stability (Andries et al., 2020; Adrian
and Natalucci, 2020; Brunnermeier et al., 2020). On the banking
side, Beck and Keil (2021) analysed the exposure of US banks
to the COVID-19 crisis and their ability to support the economy
with lending, showing that governments’support programs played
an important role in lending decisions. Furthermore, a stream of
research has focused on the design of public interventions dur-
ing the COVID-19 pandemic and their the macroeconomic im-
pacts (Boissay and Rungcharoenkitkul), finding that the effective-
ness of government’s response measures depends on the condi-
tions of implementation (Bayer et al., 2020; Guerrieri et al., 2020),
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and on who is bearing their economic costs (Kaplan et al., 2020).
Cox et al. (2020) highlighted that results about the effectiveness
of government’s policy strongly depend on the model assumptions
and design. Eichenbaum et al. (2020) and Jones et al. (2020) in-
corporated a SIR (acronym for susceptible-infected- recovered or
removed, developed by Kermack and McKendrick, 1927) feedback
mechanism to provide a dynamic interaction between economic
activity and the epidemic spread.

However, three main research gaps persist in the assessment of
the macroeconomic and financial impacts of the pandemic. First,
macroeconomic analyses of the COVID-19 crisis have mostly fo-
cused on its direct impacts, neglecting its indirect impacts, their
drivers and transmission channels to agents and sectors of the
economy and finance.

The second gap regards the understanding of how adjustments
in banks lending in the aftermath of the shock affect firms’ invest-
ment decisions and the implementation (and success) of govern-
ment’s recovery policies.

Third, in several countries, COVID-19 did not happen in isola-
tion but it compounded with climate change physical risk (Phillips
et al, 2020; Zscheischler et al., 2018; Mahul, Monasterolo, &
Ranger, 2021). Being climate change on the rise (IPCC, 2021), the
compounding of shocks could become more frequent in the fu-
ture. When shocks compound, they increase the complexity of risk
and of the policy response (Battiston et al., 2020). For instance,
by damaging countries’ productive capacity and socio-economic
infrastructures, natural hazards provide a fertile ground for pan-
demics to spread, potentially delaying the economic recovery, and
exacerbating the long-run effects on financial stability (Mahul and
Signer, 2020). Com Compound shocks’ impacts are characterised
by complex macro-financial feedbacks, and their evolution can be
largely influenced by policy introduction and by investors’ inv ex-
pectations about their outcome.

Addressing these three research gaps is crucial to inform the
design of fiscal and financial policies able to strengthen resilience
to compounding pandemics and climatephysical risks. Neverthe-
less, it introduces new challenges for fiscal and financial risk man-
agement, as well as for macroeconomic analysis, calling for an
adaptation of our analytical tools (Mahul et al., 2021).

Accounting for the complexity and endogeneity of compound
risk requires, on the one hand, to smooth underlying assumptions
of equilibrium, market-clearing prices and agents’ perfect fore-
sight of traditional macroeconomic models. On the other hand,
it requires to embed financial actors and their risk assessment
in macroeconomic analyses in order to assess the feedbacks
from financial risk assessment to economic and policy responses
(Monasterolo, 2020). Indeed, banks’ expectations about climate
change and policy impacts, and their anticipation (i.e. their climate
sentiments Dunz et al., 2021), can lead to a revision of lending con-
ditions to firms, depending on firms’ firms’ risk exposure. The ad-
justment in investors’ risk assessment, in turn, affects investment
decisions in the economy, influencing the policy outcomes and the
realisation of climate mitigation scenarios (Battiston et al., 2021).

In this paper, we further develop the EIRIN macrofinancial
model (Monasterolo and Raberto, 2018; 2019) to quantitatively as-
sess the impacts of COVID-19, either occurring as an individual
shock or compounding with climate physical risks, in the real
economy and credit market, considering the role of fiscal and mon-
etary policies introduced during the pandemic crisis. Then, we
analyse the sensitivity of the effectiveness of government’s spend-
ing to adjustments in banks’ leverage and lending conditions ,
and the implications on GDP recovery, banks and sovereign finan-
cial stability. We calibrate the model on Mexico, a country with
high relative numbers of COVID-19 contagions and deaths (Ibarra-
Nava et al., 2020). In addition, Mexico is also highly exposed to
climate risks, e.g. via hurricanes, and is deeply integrated in the
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global value chain, thus making it a potential lchannel of cascad-
ing risk (e.g. to the USA).

EIRIN is a Stock-Flow Consistent model populated by hetero-
geneous interacting agents of the economy and finance, endowed
with adaptive expectations about the future. The model has three
useful features for the assessment of compound risk. First, it al-
lows to capture the richness of COVID-19 and climate physical
risks’ direct and indirect impacts, and their transmission channels
to the economy and finance. Second, it considers how the nature
of risk affects agents’ heterogeneous beliefs, inter-temporal prefer-
ences, and the formation of expectations and decisions in response
to shocks. Third, EIRIN includes a financial sector and market con-
nected to economic agents, thereby enabling the analysis of finan-
cial feedbacks on endogenous investment and consumption deci-
sions, and on policy effectiveness.

The remainder of the paper is organised as follows.
Section 2 describes the methodology, focusing on the main
characteristics of the EIRIN model. Section 3 presents the model
initialisation and calibration on Mexico data. Section 4 introduces
the COVID-19, climate physical risk (focusing on hurricanes) and
compound risk scenarios, while Section 5 discusses the simulation
results. Section 6 concludes with policy recommendations aimed
to increase the resilience to compounding pandemic and climate
physical risks, and provides insights for future research.

2. Methodology
2.1. Overview

We extend the EIRIN model (Monasterolo and Raberto, 2018;
2019) to analyse how the compounding of COVID-19 and physical
risk (in our analysis, hurricanes) affect the Mexican economy, its
credit sector and public finance. In particular, we analyse:

- To what extent and through which channels the COVID-19 crisis
impacts on banks’ lending decisions and financial stability;

« How procyclical revisions of banks’ lending affect firms’ invest-
ment decisions and the effectiveness of government fiscal poli-
cies in the recovery process;

+ The conditions for amplification of economic losses to emerge
when COVID-19 compounds with climate physical risk (hurri-
canes).

2.2. The EIRIN model

EIRIN is a Stock-Flow Consistent (SFC) model of an open econ-
omy (Caverzasi and Godin, 2015; Dafermos et al., 2017; Dunz et al.,
2021; Naqvi and Stockhammer, 2018; Ponta et al., 2018; Dafermos
and Nikolaidi, 2021; Caiani et al., 2016) composed by agents and
sectors, which are heterogeneous in terms of characteristics (e.g.
income, wealth) and preferences, and are characterised by adap-
tive expectations about the future.

In particular, we can distinguish: wage and capital-income
earning households, respectively represented by a working class
(Hw) and a capitalist household sector (H.); a labour intensive
consumption goods producer (service sector, CGPl, abbrev. by F,),
which also includes a touristic sector (Tu); a capital intensive con-
sumption goods producer (CGPk, abbrev. by F); a capital goods
producer (K); a fossil-fuel mining company (MINEOIL) and an util-
ity company (EN) that can produce electricity out of either fossil
fuel or renewable energy; a bank (BA), a central bank (CB), a gov-
ernment (G) and a foreign sector (ROW), capturing imports and
exports of commodities and consumption goods, as well as mi-
grants’ remittances. EIRIN’s agents depart from perfect foresight in
presence of deep uncertainty about climate physical risk impacts,
of market imperfections (e.g. potential mispricing) and of market
power (e.g. in the energy sector).
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EIRIN’s sectors are represented as a network of interconnected
balance sheets items and calibrated on real data (when available),
making it possible to trace a direct correspondence between stocks
and flows. The rigorous accounting framework allows to display
the dynamic relations of agents and sectors balance sheets and to
study (i) the direct impact of the shock on individual agents and
sectors’ of the economy (at the level of balance sheet entry), (ii)
the indirect impact of the shock on macroeconomic variables (e.g.
GDP, unemployment, interest rate) and financial risk variables (e.g.
banks’ Probability of Default (PD), Non-Performing Loans (NPL)),
and (iii) the reinforcing feedbacks from the financial sector that are
capable of amplifying shocks, thus leading to cascading economic
losses.

Importantly, EIRIN models the finance-economy feedback
(Gourdel et al., 2021; IIF, 2021), which allows us to translate fi-
nancial actors’ expectations towards pandemic and climate scenar-
ios into adjustments in risk assessment and into the cost of capital
for firms. This, in turn, affects firms’ investments in the transition,
and the feasibility of climate mitigation scenarios (Battiston et al.,
2021). For this analysis, we tailor the EIRIN model to the charac-
teristics of Mexico.

Our approach has several advantages for the assessment of pan-
demics and climate risks, either considered individually or com-
pounding. In particular, we can:

- Identify and quantitatively assess the richness of risk transmis-
sion channels and impacts in the economy and finance;

Embed the heuristics and behavioural patterns of agents and
representative sectors that contribute to the generation of
emerging phenomena and out-of-equilibrium states of the
economy;

Account for the role of heterogeneous beliefs and expectations,
and for the interplay between finance and public policy, in the
COVID-19 recovery trajectories;

Consider how the uncertainty of climate risks and of pandemics
(Battiston, Billio, Monasterolo, 2020) feeds into financial risk as-
sessment and banks’ reactions (e.g. banks revision of lending
policy).

Fig. 2.1 shows the framework of the EIRIN economy and its cap-
ital and current account flows across sectors.!

2.3. Markets

EIRIN’s agents and sectors interact with each other and with the
foreign sector through a set of markets:

« Consumption and capital goods markets
« Labour market

- Energy market

» Raw materials market

» Bonds market

« Credit market.

The formation of demand, supply and prices in each market
(except for the credit market) is independent from each other at
any given simulation step. In the credit market, demand depends
on the demand for capital goods. The demand rationing affects the
effective demand of capital goods by the CGPI and CGPk, and by
the energy company. In each market, the prices are made by the
supply side as a mark-up on unit costs. In addition, in the finan-
cial market, the sovereign bond price is determined based on the
existing stock of public debt, and on the performance of the real
economy.

1 For a more detailed description of all sectors, market interactions and be-
havioural equations, please refer to Monasterolo and Raberto (2018, 2019).
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2.4. Sequence of events

The sequence of events occurring in each simulation step is the
following:

1. Policy makers take their policy decisions. The CB sets the pol-
icy rate according to a Taylor-like rule, which targets both the
inflation and the potential output, but differs from the original
one in the definition of the output gap.

2. The credit market opens. The bank sets its maximum credit
supply according to its equity base. If supply is lower than de-
mand, proportional rationing is applied and prospective bor-
rowers (i.e. the consumption goods producer Fy and F, and the
energy company EN) revise down their investment and produc-
tion plans accordingly.

3. Real markets open in parallel. Prices of the exchanged goods
or services are determined, then the nominal or real demand
and supply are provided by the relevant agent in each market.
Finally, transactions occur generally at disequilibrium, i.e. at the
minimum between demand and supply.

4. The sovereign bond market opens. The capitalist household and
the bank determine their desired portfolio allocation of finan-
cial wealth on sovereign bonds. The government offers newly
issued bonds to finance a budget deficit, which includes the
COVID-19 related expenditures. Then, new asset prices are de-
termined.

5. All transactions and monetary flows are recorded, and the bal-
ance sheets of the agents and sectors of the EIRIN economy
are updated accordingly (see Appendix A for the Balance Sheet
matrix, the Cash flow matrix and the Net worth matrix of the
EIRIN economy).

2.5. Agents and sectors’ behaviour

EIRIN’s agents and sectors are characterised by the following
properties?:

Heterogeneous households (H, and H;). By building on
Goodwin (1967) and the Lotka-Volterra’s predator-prey model,
households are divided into two classes; i.e., a working class (Hy)
and a capitalist (H,) income class, respectively. Hy, lives on wages
(Eq. (1)), while H, earns her income out of financial markets
through government bonds’ coupons and firms’ dividends (Eq. (2)).
Furthermore, both household classes receive remittances flows
from abroad. Income class heterogeneity is functional to assess the
distributive effects of the policies introduced for COVID-19 and/or
disaster response on the channels of inequality. All households pay
their energy bills and income tax. This leaves them with Y}¢* as net
disposable income (Eq. (3)), whereas remittances Ry, sent from rel-
atives across the world add to households’ net disposable income.
Households’ consumption plans (Eq. (4)) are based on the Buffer-
Stock Theory of savings (Deaton, 1991; Carroll, 2001), which bal-
ances the impatience of households of consuming all their income
and wealth right away with their prudence about the future, thus
preventing them to draw down their assets too far. This results in
a quasi target wealth level that households pursue. Then, house-
holds allocate their consumption budget G, between b etwo types
of consumption goods, i.e., 8 Gy to labour intensive and (1 — 8) Cp
to capital intensive consumption goods.

Yh, = (Nhigh + Nigw) W (1)

Yik = Mbond Chond + Y _ di (2)

2 For better readability we abstain from labeling variables within the same time
period with a time index. Previous period’s variables are labeled with the time in-
dex t —1.
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Fig. 2.1. The EIRIN model framework: capital and current account flows of the EIRIN economy. For each sector and agent, a representation in terms of assets and liabilities
is provided. The dotted lines represent the capital account flows, while the solid lines represent the current account flows. The model is composed of five sectors i.e. the
non-financial sector, the financial sector, households, the government and the foreign sector. The non-financial sector is composed of (i) an energy firm that supplies energy
to households and to firms as an input factor for production (red solid line); (ii) capital intensive (e.g. industry) and a labour intensive (e.g. service, tourism, agriculture)
consumption goods producers that provide households heterogeneous consumption goods (yellow solid line). The energy firm and the consumption goods producers require
capital as an input factor for production. To build-up their capital stock, they invest in capital goods (grey dotted line), which are produced by the capital goods producer.
To finance investment expenditures, firms can borrow from the commercial bank (red dotted line), which applies an interest rate to their loans (red solid line). Households,
firms and the government have deposits in the commercial bank (pink dotted line). The commercial bank also holds reserves at the central bank (blue dotted line) that could
provide refinancing lines (red dotted line). The government sector pays public employees. In case of COVID-19 and of climate shocks, the government provides emergency
relief to households, purchases consumption goods and grants investment subsidies to firms (blue solid line). The government collects tax revenues from households and
firms (brown solid line) and finances its current spending by issuing sovereign bonds (dark blue dotted line). Sovereign bonds are bought by capitalist household, by the
commercial bank and by the central bank. Furthermore, the government may receive loans from Monetary Financial Institutions (MFI, green dotted line). The government
pays coupons (dark blue solid line) and interest (green solid line) respectively to the sovereign bonds and MFI loans (if applicable). Households are divided into workers
and capitalists, based on their functional source of income. Workers receive wage income (wine-coloured solid line). Capitalists own domestic firms for which they receive
dividend income (purple solid line) and coupon payments for their sovereign bond holdings (dark blue solid line). The foreign sector provides remittances (grey dotted
line) and consumption goods to households (dark grey solid line), and resources to firms as inputs for the production factors (black solid line). The foreign sector also
generates tourism flows and spending in the country (grey solid line), exports of service sector and industry goods (dark green solid line) and provides financial support to
the government via MFI (green dotted line). Finally, it provides reserves to the domestic central bank (light purple solid line). (For interpretation of the references to colour
in this figure legend, the reader is referred to the web version of this article.)

ment K; and by the Leontief technology.
net __ _ _ EN -~ . -
Ym® = (1=7) ¥ = Pen G+ Rim B 8= min (. f5) ) (7)
) ) where yJK and yf’ are, respectively, the sector-dependent capital
Cn =Yy +p (Mm -9 ere) (4) and labour productivity. This setup prevents firms to hire more

labour than necessary. Capital goods producer only relies on labour
as input factors, and hires workers based on labour productivity to

C,fg =B Cn (5) satisfy the firms’ investment demand for capital goods,
M=m«zmﬂwumwm0 (8)
G = (1= ) Cu (6) "

where I, represents firms’ planned investment demand y,’?’ repre-
sents labour productivity in the capital producer’s sector, and x
is an exogenous parameter which limits the maximum amount of
workers that can be hired by the capital producer’s sector in one
time period. We assume labour supply to be fully elastic and em-
ployment to be endogenously determined by labour demand. Wage
setting for high and low-skilled workers is endogenous and de-
termined according to the average workers’ skills in each sector
(Egs. (10) and (9)), following a Phillips curve-like rule (Keen, 2013).
The average money wage growth (Eq. (11)) depends on the em-
R ployment level e (Eq. (32)), declining with rate —6; in case the
demand N; by both consumption goods producers (with j =, Fi) labour force is entirely unemployed (i.e. e = 0), and growing with
is determined by their production plan qjc, their capital endow- a maximum of —8; + 6, (with 6, > 6; and 6 ; > 0) in case of full

with m = Hy, Hy. }_d; are the dividends received by the capitalist
household H, and Ry, are the remittances received by households.

Skills are heterogeneous (low/high) and uniformly distributed
among workers. Capital intensive consumption goods producer and
capital goods producer always employ workers with the highest
skills, in exchange of higher salaries. Workers in the labour inten-
sive consumption goods’ sector require lower skills, thus receiving
lower wages (Blanchard, 2017). Firms form adaptive expectations
about future demand based on their sales in previous time periods.
Demand expectations determine firms’ production plan q]C.. Labour
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employment (i.e. e =1). The steady state money wage, keeping
the money wage constant, is given by e = S—;. The total wage bill
of the economy in EIRIN Yy = Npigh Whigh + Niow Wiow 1S CORSsistent
with the setting of the average wage (Eq. (11)). Thus, it is inde-
pendent of labour force allocation in high and low wage sectors.
Instead, it only depends on the employment level. Hence, we can
prove the identity Eq. (12).

Whigh = ((1 = 2) Wmax + Z Wiin + Wmax)/2 9
Wiow = ((1 = 2) Wmax + Z Wnin + Wiin)/2 (10)
Aw = (-6; +65e) (11)
Nhigh Whigh + Niow Wigw = (Nhigh + Nigw) W (12)

Two consumption goods producers (F, and F) produce an
amount qjc. of heterogeneous consumption goods by relying on a
Leontief technology, since the model is applied to the short-term
(e.g. up to 5 years). This implies no substitution of input factors
(Eqg. (13)), meaning that if an input factor is constrained (e.g. lim-
ited access to credit to finance investments), the overall produc-
tion is proportionately reduced. In contrast, several macroeconomic
models allow for substitution of input factors (elasticity of substi-
tution equals 1) by using a Cobb-Douglas production technology.
In our case, this would imply a substitution of constrained input
factors such as capital stock with labour or energy, while still gen-
erating the same level of output.

q5 = min () N;, v K;. vV a5~ vfah) (13)
with j=F,F. F is labour intensive, meaning that yF’z’ < VFI; but
employs low-skilled workers only, receiving low wages wy,,. Fy is
more capital intensive, meaning that yF’; < yF’L( and employs high-
skilled workers only, receiving high wages wy;y,. The two con-
sumption goods producers set their consumption goods price as
a mark-up w; on their unit labour costs w; N;, unit capital costs
r}g L;, unit energy pgy q’]?N and unit resource costs pg qj? (Eq. (14)).
Higher prices as a consequence of higher credit, imports, energy, or
labour costs constrain households’ consumption budgets, which in
turn lower aggregate demand. This represents a counterbalancing
mechanism on aggregate demand.
w; N+ 1} Lj + pen 45N + pr qF
i
The minimum between real demand of the two consumption
goods and the real supply (Eqgs. (16) and (15)) determines the
transaction amount ¢; that is traded in the goods market. The sup-
ply of capital intensive consumption goods also takes firm’s inven-
tories (INg ) into account. In case demand exceeds supply, both
capitalist and worker households are rationed proportionally to
their demand, whereas tourism demand is prioritised. The share of
newly produced but unsold products add up to the inventory stock
of F¢'s inventories (IN,). Finaﬂly, both consumption goods produc-

C

pj (14)

ers make a production plan qjc. for the next simulation step based
on recent sales and inventory levels.

- i, + G
gr = min | INg +qg, ——— (15)
PE,

cf;w + c,ﬁtk + Tug

gk, = min | g, -
Py,
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An energy sector (EN) produces energy and receives demand
by households and firms as an input factor for consumption and
for production, respectively (Eq. (17)). The energy sector in devel-
oping and emerging countries requires large investments, access to
credit and often support from government’s subsidised feed-in tar-
iffs. Therefore, it is an important sector for the analysis of shocks’
transmission. Households’ (Hy, and H,) energy demand is inelastic
(i.e. the daily uses for heat and transportation). Firms' energy re-
quirements depend on the sector’s market share in the economy
and on the overall economic business cycle. The energy company
requires capital stock and oil as input factors for production. The
energy price is endogenously set by the energy firm and based
on a mark-up uEN, on its unit capital rEV Lgy and on the unit oil
price po qo costs (Eq. (18)). The oil price pg is assumed to be deter-
mined in international markets and thus is modelled as an exoge-
nous variable characterised by a constant growth rate .. Hy and
H,, subtract the energy bill from their wage bill as shown by their
disposable income (Eq. (4)). Industry transfers the energy costs via
mark-ups on its unit costs to their customers (Eqs. (14) and (23)).
To be able to deliver the energy demanded, the energy producer
requires capital stock. EN conducts investment to maintain depre-
ciated capital stock and to expand its capital stock to be able to
satisfy new energy demand.

Gen = qf +af +af + gf + g (17)
rEN Len +
pen = (1 + peeN) (DENqENpqu> (18)

Endogenous investment decision. Both consumption goods
producers (F and Fi) make investments based on the expected
production plans ¢¢ that determine a target capital stock level Ifj.
As a difference from supply-led models (e.g. Solow, 1956), in EIRIN
the investment decision is fully endogenous and is based on firms’
Net Present Value (NPV). This, in turn, is influenced by six fac-
tors, i.e (i) investment costs, (ii) expected future discounted rev-
enue streams (e.g. endogenously generated demand), (iii) expected
future discounted variable costs, (iv) the sector-dependent inter-
est rate set by the commercial bank, (v) government’s fiscal policy
and (vi) government’s subsidies. The NPV calculations allow us to
compare the present cost of investments with the present value of
future expected (positive or negative) cash flows (Eq. (21)). In par-
ticular, we can distinguish four cash flows: (i) a positive cash flow
is given by the additional sales due to investment, and three neg-
ative cash flows, including (ii) an additional labour cost required
to match the need for increased production capacity; (iii) an addi-
tional raw materials cost incurred to produce the additional out-
put, and (iv) an extra energy requirement for producing additional
output. The energy firm relies on capital and on oil as produc-
tion inputs, and considers the costs of using additional oil units for
an additional unit of output. This formulation helps to understand
agents’ intertemporal behaviour by comparing the short-term costs
of investments with their long- term benefits. The sign of the NPV
determines whether the agent makes the decision. The planned
investment amount is set by the target capital level K consider-
ing the present capital endowment K; subject to depreciation § K,
and potential capital destruction as a consequence of climate phys-
ical shocks £K, (Eq. (19)). The implementation of the target invest-
ment plan is then potentially constrained by the firms’ available
liquidity, i.e. My, plus the possibility to take new debt A L, with
the bank given a constraint on the maximum allowed leverage o,
(Eq. (20)).

I = max (K, — (1 - 8 Kz) — (1 — £ Ky),0) (19)

In < Mp+ AL, (20)
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(21)
where [; represents real investments iAn new capital goods; py is
the present price of capital goods; A qf is the additional expected
production (and sale) due to investments; pg is the expected con-

sumption goods sale price at the next tth simulation step; rlj) is
the present sector dependent loan interest rate on debt set by the
commercial bank; w; is the salary paid to workers in the con-
sumption goods production sectors; ANj; is the additional amount
of workers required at the next tth simulation step to match the
additional production capacity due to investments; pg is the ex-
pected raw materials price at the next tth simulation step; Aq?
is the additional amount of raw materials required at the next tth
simulation step to match the additional production capacity due
to investments; pgy is the expected energy price at the next tth
simulation step; Aq]E.N is the additional amount of energy required
at the next tth simulation step to match the additional production
capacity due to investments.

A capital goods producer (K) produces capital goods to fulfill
the production capacity of consumption goods producers and of
the energy firm (Eq. (22)). The capital goods producer relies on en-
ergy and high-skilled labour as input factors that represent its unit
costs. Capital goods price p; is set as a fixed mark-up p; on unit
costs (Eq. (23)). Newly produced capital goods will be delivered to
the consumption goods producers and the energy firm at the next
simulation step.

qk = Iy +Ig, + Ien (22)

Ak (23)

A financial sector composed of a commercial bank sets sector-
specific interest rates for granted loans. The commercial bank en-
dogenously creates money (Jakab and Kumhof, 2015), meaning that
it increases its balance sheet at every lending (i.e. the bank creates
new deposits as it grants a new credit). This is consistent with
most recent literature on endogenous money creation by banks
(McLeay et al., 2014). A central bank sets the policy rate based on
the Taylor-like rule. A sovereign bonds market determines the price
and spreads for sovereign bonds by balancing demand and supply.

The commercial bank (BA) provides loans to the two consump-
tion goods producers and the energy firm. The EIRIN economy
money supply is displayed by the level of demand deposits. These
include the deposits of worker and capitalist households, of the
consumption and production sectors, of the energy firm as well as
of government. Further, BA gives out loans to finance firms’ invest-
ment plans. Depending on the firm’s leverage ratio of outstanding
debt to equity é—; BA sets sector specific interest rates (Eq. (25))
that affect firms’ capital costs and NPV decision. The maximum
credit supply of the bank is set by its equity level Eg4 divided by
the Capital Adequacy Ratio (CAR) parameter, in order to comply to
banking regulator provisions. The additional credit that the bank
can provide at each time step is given by its maximum supply,
minus the amount of loans already outstanding (Eq. (26)). Thus,
credit demanded by firms may be rationed due to insufficient eq-
uity capital on the bank’s side. In case of rationing, credit is allo-
cated proportionally to the demand schedules of the two consump-
tion goods firms and of the energy firm, and the effective credit
received A L, may be lower than the amount demanded. There-
fore, the consumption goods firms and the energy firm can be ra-

N, EN
px = (1 + pg) (Whlgh KT A pEN)
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tioned in the credit market. In case of credit rationing, firms have
to scale down their investment plans, while the bank stops paying
dividends in order to increase its equity capital.

Ly _
=, (1 T (Eww)) (24)

Dt =Theq +Ar (TB‘T ~Tpe 1) (25)
AL, < max (Eﬂ —Lne, 0) (26)
CAR

n . . . . . . . L7n
where 1), is the previous period sector-specific interest rate; B

is the n-firm’s debt to equity ratio; ¥ is a target debt to equity ra-
tio BA considers to be acceptable without additional risk premium,
rB’T is a target interest rate, while A; is an adjustment speed pa-
rameter, considering the fact that BA cannot achieve itsits target
rate immediately.

A foreign sector (RoW) composed of: migrants’ remittances
sent to both households; tourism (Tug); raw materials (pen iy ),

consumption goods exports (pg q’;L,pFK q’;K) and intermediate

goods exports (pyqy); development finance (grants or loans)
(Lrow ); consumption goods imports (qym Pre); 0il (Po qo) and raw
materials supply (pgrqr) to the domestic economy. These latter
are provided in infinite supply and at a given price to meet the
internal production needs. Touristic inflows consist in the con-
sumption of labour-intensive consumption goods. Remittances are
implemented as monetary flows from the foreign sector to the
worker and capitalist households. Development finance (MFI) is
implemented as a monetary flow to the government. Raw mate-
rial, consumption goods and intermediate goods exports are a cal-
ibrated share of the country’s GDP and are sold at world prices.
Tourism sector demand, remittances and development finance’s
amount and growth rate are defined via exogenous parameters.
This allows to assess the indirect impact of COVID-19 health cri-
sis on a country’s economy. Impacts are negative in case of tourism
and remittances, and affect the exports of raw materials, consump-
tion goods and intermediate goods via price or demand shocks. In
this way we channel shocks from the global markets to the EIRIN
economy. In contrast, impacts are positive or neutral in case of fi-
nancial inflows to face the COVID-19 crisis.

A government (G) is in charge of implementing the fiscal pol-
icy via tax collection and public spending, including welfare ex-
penditures, subsidies (e.g. for households’ consumption of basic
commodities), public sectors’ workers and public consumption. To
cover running expenses, the government raises taxes and issues
sovereign bonds, which are bought by the capitalists , the com-
mercial bank and the central bank. The government pays coupons
on its outstanding bonds (ngcg) and interest on loans granted
by multilateral development finance institutions (rgow Loansgow ).
Taxes are applied to labour income (wage), to capital income (div-
idends and coupons), and profits of firms. To meet its budget bal-
ance target level, the government adjusts its tax rate. In case of
a budget deficit, the tax rate is increased by a fixed amount A 7.
In case of a budget surplus exceeding a given threshold, the tax
rate is decreased by the same fixed amount A t. Otherwise, the
tax rate t is kept constant. Furthermore, if government’s deposits
are lower than a given positive threshold M, i.e., M¢ < M, the gov-
ernment issues a new amount A ng of bonds to cover the gap:

M — Mg
DB
where pp,nq is the endogenously determined sovereign bond price.
Government’s spending during crises contributes to avoid a credit

crunch and compensates households and firms’ liquidity con-
straints (Brunnermeier et al., 2020). Government’s spending is

A ng = (27)
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given by a fixed percentage of revenues deriving from tax collec-
tion:

Ge =k R (28)

where R; represents the government’s revenues and « is an exoge-
nous parameter.

A Central Bank (CB) sets interest rates, the inflation and
the employment targets according to a Taylor-like rule? (see
Monasterolo and Raberto, 2018 for details). In EIRIN, the interest
rate indirectly affects households’ consumption via price increase
stemming from firms that adjust their prices, in case of higher
credit costs. Households have a target level of wealth stemming
from the Buffer-Stock Theory of saving but do not inter-temporally
maximise their consumption. This prevents monetary policies to
have a crowding-out effect on households’ consumption. The pol-
icy interest rate depends on the inflation (v — ) and on the out-
put gaps (measured as employment gap (u — u), i.e. the distance
to a target level of employment i), and influences agents’ ex-
pectations and investments through the NPV. In particular, 7 is
the inflation of the weighted average of consumption goods prices
(Eq. (30)) between two consecutive simulation steps. The inflation
gap is computed as the distance of the actual inflation 7 to the
target inflation rate 7. The unemployment rate u is computed in
Eq. (31) as the fraction of people employed in the capital goods
and the two consumption goods producers of the overall labour
force Nior. Eq. (32) constitutes the employment rate. Furthermore,
the central bank can also provide liquidity to the commercial bank
in case of shortage of liquid assets.

Tep = Wr (T —77) + wy (U — 1) (29)

C C
7= qFL A DR, + qFK A Dr (30)
qg +4f PR g +4f Pk

Nk + Ng + Ng

u=1-
Niot

(31)

e = Nt N + Ny (32)
N[Ot

3. Model dimensioning and calibration

Mexico is a middle-income country in North America. The
country is the 11" largest economy in the World, and is char-
acterised by large regional disparity and unequal income distri-
bution, with 46% of the population living below the poverty line
(The World Factbook, 2020). The economy is highly integrated into
the global value chain, where a large industry and manufactur-
ing sector (31% of 2018 GDP, see The World Bank, 2020b) pro-
duces goods for global export markets ranging from agricultural
products to intermediate and final consumption goods in the au-
tomotive, computer and electronic industries (Atlas of Economic
Complexity, 2020). As such, Mexico strongly depends on interna-
tional trade and on foreign direct investment (FDI), with Mexico’s
exports constituting 39%, imports 41% and net FDI inflows being
3.1% of its 2018 GDP (The World Bank, 2020b). The USA is Mexico’s
main economic partner, being its major customer country (76% of
its exports, WITS (2020)). Moreover, several Mexican citizens work

3 Differently from the traditional version of the Taylor rule, we do not define
the potential output based on the non-accelerating inflation rate of unemployment
(NAIRU). Indeed, NAIRU’s theoretical underpinnings are rooted in general equilib-
rium theory, while EIRIN is not constrained to equilibrium solutions and focuses
on the analysis of out of equilibrium dynamics. Thus, in EIRIN the output gap is
proxied by the difference between actual and full employment.
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in the USA and send back remittances, which constitute 3% of GDP,
or $37bn, being by far the highest recipient of absolute remittances
flows in the region (The World Bank, 2020b). Tourism is an impor-
tant sector of economic activity for Mexico (8% of 2018 GDP), and
for some regions it is the main source of income. Thus, Mexico
shows strong dependence on external demand as well as a slowing
down economy, due to trade disputes during the Trump adminis-
tration in the US, and high inflation (4% as 5 year average). The
Mexican government has limited fiscal space, with debt to GDP ra-
tios of 46% of GDP in 2018 (Trading Economics, 2020) and limited
access to capital markets.

These structural characteristics of the Mexican economy con-
tribute to increase its vulnerability to external demand shocks that
arise from the spread of the COVID-19 pandemic. Thus, Mexico is
an interesting case study for compound riskfr analysis.

3.1. Model calibration

We replicate the main structural macroeconomic and finan-
cial characteristics of Mexico by adapting and tailoring the EIRIN
model (Monasterolo and Raberto, 2018; 2019). To do so, we col-
lect and analyse macroeconomic data and statistical information
provided by the World Bank database of world economic indica-
tors (The World Bank, 2020b)*; COVID-19 data from John Hopkins
COVID-19 tracker (John Hopkins University, 2021); and COVID-19
policy response information (on fiscal and monetary policy) pro-
vided by the IMF COVID-19 policy tracker (IMF, 2020). In particu-
lar, the collected data show the importance of export, tourism and
remittances in Mexico’s economy as sources of aggregate demand
and households’ income.

Second, we initialise the model to a quasi steady-state in which
the core variable ratios and growth rates are stable. We dimension
the simulated economy to quantitatively mimic the main macroe-
conomic growth rates and ratios of Mexico via core model parame-
ter settings. This indirect inference strategy allows us to deal with
limited availability of detailed macroeconomic data. The model’s
accounting structure, which is represented by a balance sheet, a
transaction flow and a net worth matrix (see Appendix A), con-
tributes to ensure the internal model consistency.

We present the results by comparing the model’s indicators
with the observed data, during a time span of 5 years. Then, we
present the EIRIN model flows at the beginning of the simula-
tion period in a Sankey diagram, showing the dimensioning of the
macroeconomic flows of Mexico.

This two-step strategy helps us to justify our choice of param-
eters in an interactive and dynamic process, which goes through
multiple rounds of testing. In addition In , it contributes to increase
the validity of our results in order to draw evidence-based policy-
relevant conclusions on the impact of compound COVID-19, climate
cliphysical, and financial risks in Mexico.

Our study provides a methodological advancement for macro-
financial risk assessment of compound risks, offering insights on
weak-spots that are relevant for increasing resilience to compound
COVID-19, physical and financial risks at the country level.

In particular, our calibration and dimensioning exercise focuses
on:

« Macroeconomic indicators (e.g. real GDP growth rate);

- Sectors’ value added;

« Relations between the domestic economy and the foreign sector
(e.g. remittances and export).

We first calibrate the main macroeconomic indicators, repre-
sented by the GDP growth rate, the unemployment rate, the in-

4 Due to data gaps, we for 2018 data on Mexico’s debt to GDP ratio we relied on
Trading Economics (2020) and Mexico’s tourism to GDP ratio on Statista (2020).
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Table 1
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The table reports the yearly mean and standard deviation computed both on simulated and on real variables of Mexico for a time span of 5 years.

Variable name Mean of simulated values

Standard deviation of simulated values

Mean of real values  Standard deviation of real values

Real GDP growth rate 2.13% 0.02%
Unemployment rate 3.8% 0.11%
Inflation rate 3.34% 0.01%
Government debt (% of GDP) 48.31% 0.71%
Government spending (% of GDP) 12.18% 0.02%

2.06% 1.33%
3.66% 0.42%
4.02% 1.43%
45.94% 1.51%
11.85% 0.32%

Table 2

The table reports the yearly mean and standard deviation computed both on simulated and on real variables of Mexico for a time span of 5 years.

Variable name Mean of simulated values

Standard deviation of

Mean of real values Standard deviation of real

simulated values values
Value Added of industry 30.46% 0.08% 30.28% 0.59%
sector, including
manufacturing (% of GDP)
Value Added of service sector 63.18% 0.13% 63.92% 0.32%

(% of GDP)

Table 3

The table reports the yearly mean and standard deviation computed both on simulated and on real variables of Mexico for a time span of 5 years.

Variable name Mean of simulated values

Standard deviation of simulated values

Mean of real values  Standard deviation of real values

Remittances (% of GDP) 3.2% 0.02%
International tourism (% of GDP)  8.75% 0.06%
Import (% of GDP) 41.04% 0.29%
Export (% of GDP) 40.06% 0.26%

2.74% 0.32%
8.68% 0.11%
39.08% 1.63%
37.53% 1.9%

flation rate, the government debt (as % of GDP) and government’s
spending (as % of GDP), which are shown in Table 1.

After dimensioning the main macroeconomic indicators, we
provide a detailed comparison of aggregates considering the sec-
tors’ value added, as shown in Table 2. EIRIN includes two different
consumption goods producers, i.e. a labour intensive and a capital
intensive producer. They are identified by by the service and the
industry sectors, respectively.

The last set of variables considered in the dimensioning exercise
includes indicators related to the relation of the domestic economy
with the rest of the word, i.e. remittances, tourism, import and ex-
port (Table 3).

3.2. Sankey plot of the Mexican economy

We display the simulated cash flows at the beginning of the
simulation run (i.e., before the shock scenarios) with a Sankey plot
to ensure that the flows of the EIRIN model are consistent with
its accounting framework (Fig. 3.1). The Sankey plot provides a vi-
sual representation of the distribution and proportionality of in-
flows and outflows among EIRIN’s agents and sectors, consistently
with the model initialisation and calibration.

4. Scenarios
4.1. COVID-19

The COVID-19 pandemic generated large negative socio-
economic shocks in Mexico. The number of infected people
(3,271,128)° and COVID-19 related fatalities (255,452)° are high
(John Hopkins University, 2021)7 despite government’s COVID-19

5 This constitutes the 15th highest confirmed cases across the world (JHU, 2021).

6 Mexico has with 7.7% the third highest observed case-fatality ratio across the
world (JHU, 2021).

7 As of August, 26, 2021.

containment measures (e.g. curfew and border restrictions) and
vaccination campaign. As a result, domestic consumption and
exports (which represents 39% of the Mexican economy) were
estimated to decrease by 8.3% and 9.2% in 2020, respectively
(OECD, 2020). International tourism, of particular itnerest to our
case study, was expected to drop by 50% in 2020 in Mexico due
to travel restrictions all over the world (UNWTO, 2020). Finally, re-
mittances, which represent up 3% of Mexican GDP, were expected
to drop by 19.3% in 2020 (The World Bank and KNOMAD, 2020)
due to economic downturns in the host countries (especially in the
USA).

The Mexican government responded with fiscal measures
aimed to mitigate the negative socio-economic impacts of
the COVID-19 outbreak. The measures include health and pri-
vate household support, and business liquidity and guarantees,
equalling to 1.2% of the country’s 2019 GDP (IMF, 2020). Banco
de Mexico, i.e. the central bank of Mexico, lowered its policy rate
by 250 basis points and implemented monetary policy measures
equivalent to 3% of 2019 GDP to ensure financial stability and suf-
ficient market liquidity (IMF, 2020).

In our COVID-19 scenarios we include both international and
domestic drivers of economic shocks, as well as government re-
sponse measures (see Section 5.2 for an analysis of the results).

In addition, we analyse the effectiveness of government fiscal
and monetary response measures in a given scenario when varying
their magnitude (see Section 5.3 for an analysis of the results).

4.2. Climate disaster risk assessment

Hurricanes represent more than 40% of Mexico’s economic
losses due to climate related hazards (Guha-Sapir et al., 2009;
UNISDR, 2021). Historically, Hurricane Wilma in 2005 is the most
significant event in terms of damages and losses ever recorded in
Mexico, with direct damages estimates in the order of USD 500
million and total economic losses around USD 1.3 billion, most
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of which affecting the tourism sector of the Quintana Roo state
(CENAPRED, 2006).

The magnitude of direct damages due to hurricanes is strongly
dependent on wind power and flooding, the later usually occurring
as a consequence of storm surge events in coastal areas. Those haz-
ards, in turn, are strongly dependent on the maximum sustained
wind speeds experienced at ground levels (Ishizawa et al., 2019).
To estimate the potential destruction of capital stock in Mexico
due to hurricane hazard, we rely on the use of a hurricane damage
function proposed by Emanuel (2011) that accounts for three main
features: (i) damages are accounted for only when sustained winds
speeds are larger than a specified minimum threshold; (ii) dam-
ages vary as the cube of the sustained wind speed over a thresh-
old value (thus accounting for wind power), and; (iii) the damage
potential approaches unity at very high wind speeds, and it can-
not exceed unity in any event. The formulation used is shown in
Eq. (33) (Emanuel, 2011):

%

1+18

max((Wapg — Winresn ) 0)
Whatf — Wenresh

Findex = (33)

The damage function in Eq. (33) allows to translate wind speed
into direct damages to capital stock via the cubic power of wind
speed on the physical grounds. It defines a lower bound threshold
Wihresn Of no damage occurrence and a value W,y where half of
the damages occur. In order to apply Eq. (33) to Mexico, we use
open-access data from the EM-DAT disaster risk database, cover-
ing the past 30 years (1990-2020) to calibrate the damage function
in Eq. (33). We consider the range of possible values for Wy, as
discussed in Emanuel (2011) and Ishizawa et al. (2019), retaining
those between 225 and 320 km/h, while also using as initial value
of Wipresn the value of 92 kmy/h, as in Emanuel (2011). We estimate

Wihresh to be 65 km/h and Wy, ¢ to occur at a wind speed value of
253 km/h.

The damage potential from hurricane events are also strongly
dependent on their landfall area and track. Indeed, 2004 ranks
among the costliest Atlantic hurricane seasons, while Mexico was
barely hit during that season; in contrast, 2007 was a slightly
above-average Atlantic hurricane season (not being ranked among
the top ten costliest Atlantic hurricane seasons) but causing ma-
jor socio-economic impacts in Mexico (e.g. hurricane Dean in
2007 caused major damages in Mexico in the order of USD
180 million).

In order to quantify the potential direct damages to capital
stock due to hurricanes in Mexico, we perform a probabilistic risk
assessment of direct hurricane damages over the country. Prob-
abilistic wind speed data is obtained from UNEP-GRDP database
on tropical cyclones and hurricanes (Cardona et al., 2015; UNISDR,
2015). The UNEP-GRDP database provides a series of probabilistic
wind hazard maps at 0.25° resolution and for the return periods
of 1 in 50, 100, 250, 500, and 1,000 years. Wind speed data is pro-
vided as 3-seconds gusts over the surface, hence being converted
to sustained wind speed following the methodology proposed by
Harper et al. (2010). We account for the return period of 1 in 10
years by interpolating the wind speed data from the available ex-
pected frequencies using a logarithmic regression function fitted
independently for each spatial cell. We then calculate the damage
index factor, F;4., as shown in Eq. (33), to obtain the relative im-
pact potential with respect to different levels of sustained wind
speed, ranging between 0 and 1. Results are shown in Fig. 4.1.

Country-wise, considering the above mentioned probabilistic
approach, we estimate that a mild-impact hurricane (i.e. 1 in 50-
year event) results in the destruction of 0.43% of the productive
capital stock in Mexico, while a large-impact natural hazard shock
(i.e. 1 in 100-year event) destroys 0.98% of the productive capital
stock (see Section 4.2 for details).
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Fig. 4.1. Damage index factor, Findex, computed for six different hurricanes return periods in Mexico based on UNEP-GRDP data (Cardona et al., 2015; UNISDR, 2015).

Table 4

Selected state contribution and damages for a mild (R 1-50 year) and strong (R 1-100 year) hurricane in Mexico.

State Role for country Share of total Mexican GDP  RP 1-50 year ~ RP 1-100 year
Mexico City Capital, Most important cultural, political and economic city in Mexico  17.67% 1.09% 3.2%
Quintana Roo Tourism 1.62% 0.25% 0.44%
Guerrero Tourism 1.36% 0.47% 0.68%

Oaxaca Tourism 1.476% 0.12% 0.3%

Nuevo Leon Industrial Production 7.65% 0.01% 0.11%
Coahuila Industrial Production 3.44% 0.00% 0.04%

Jalisco Electronic and Textile Industry 6.82% 1.47% 2.86%
Campeche Mining 2.99% 0.03% 0.19%

Being Mexico a large country with a diversified economy and
heterogeneous distribution of population and assets, the country
is heterogeneously exposed to hurricane hazard. In order to se-
lect the most relevant economic and touristic states in Mexico in
terms of exposure to hurricanes (see Table 4), we first obtain Mex-
ican state-level GDP from the Mexican Statistical Institute (2020).
Then, we identify the Mexican state-level that are more exposed
to hurricane events by spatially analysing the probabilistic wind
speed data obtained from UNEP-GRDP database (Cardona et al.,
2015; UNISDR, 2015). Finally, we use the relative contribution of
those states to total Mexican GDP to rank potential damages to
those states that contribute the most to economic activities, in-
cluding tourism, in Mexico. As a result, we identify the cities of
Mexico City, Cancun (Quintana Roo), Acapulco (Guerrero), Huatulco
(Oaxaca), Monterrey (Nuevo Leon), Saltillo (Coahuila), Guadalajara
(Jalisco), and San Francisco de Campeche (Campeche) as particu-
larly exposed to hurricane hazard Mexico. Results are shown in Ta-
ble 4.

The direct impacts from hurricanes are just one facet of the
total damages from this kind of extreme weather events. Indirect
damages often follow a hurricane event, in particular when land-
fall occurs over populated area. Indirect damages occur mainly due
to business interruption, shutdown of touristic attractions, and the
cancellation of touristic reservations, potentially leading to lower
productivity and increased unemployment. For instance, in the
case of hurricane Wilma, more than 60% of the total damages
are attributed to indirect losses (CENAPRED, 2006). To capture the
transmission channels of direct damages into indirect losses due
to hurricanes in the identified Mexican cities, we shock the EIRIN

10

model with the estimated relative productive capital stock destruc-
tion, as shown in Table 4. Shocks are assumed to occur in the
fourth quarter of 2020, as the hurricane season in Mexico usually
lasts from the end of June until the end of November®.

We develop four shock scenarios (Fig. 4.2) to isolate the effects
of COVID-19 and climate climaphysical risks (i.e. hurricanes) on the
Mexican economy and finance, as well as to assess how impacts
change when the the shocks compound. We consider two dimen-
sions of the COVID-19 and hurricane shocks. First, both shocks oc-
cur as individual events or in sequence. Second, the climate phys-
ical risk shock is set to be either mild (i.e. 1 in 50-year event) or
strong (i.e. 1 in 100-year event), thus resulting in different impacts
on the productive capacity of firms in the EIRIN economy.

COVID-19 impact scenarios are formulated on estimates ob-
tained from a several official data sources. Impacts include ex-
ports (—9.19%), remittances (—19.3%), tourism (—50%) and domes-
tic consumption reductions (—8.26%). COVID-19 fiscal and mone-
tary response measures are taken from the IMF Policy Tracker. We
then compare the scenario outcomes to a business as usual (BAU)
scenario, where no shocks occur. In addition, we assess the rele-
vance of governments fiscal measures for economic recovery (see
Section 5.3), considering varying levels of government spending
during the crisis AG.

We contrast results with constraining factors such as banks
credit supply (represented by the capital adequacy ratio (CAR)),

8 NOAA (2020).
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Fig. 4.2. Compound COVID-19 and climate risk scenarios: Affected sectors by COVID-19 and hurricanes occurrence and respective shock sizes.

showing the relevance of financing conditions and access to credit
in the disaster aftermath.

5. Results

We exploit the EIRIN model’s characteristics to analyse (i) the
direct and indirect impacts, and their risk transmission channels,
(ii) the interplay between private finance, public policies and eco-
nomic growth, considering the sensitivity of public spending effec-
tiveness to different levels of credit constraints, and (iii) the sensi-
tivity of intervention points.

5.1. Risk transmission channels

We identify the most relevant climate physical risks (i.e. hurri-
canes, blue) and the COVID-19 (red) transmission channels to the
real economy and banking sector of Mexico (Fig. 5.1), which we
then quantitatively assess with the EIRIN model. The analysis of
risk transmission channels is crucial to identify the shocks’ entry
points, the direct and indirect impacts that give rise to spillover
effects in the economy, public and private finance, conditioned to
the type of shock and the country’s economic and financial char-
acteristics. Our analysis builds on a stream of recent literature
(Battiston et al., 2017; Battiston and Monasterolo, 2020; Gallagher
et al., 2021; Semieniuk et al., 2021; Volz et al., 2020; Mahul et al.,
2021).

Hurricanes enter the economy by destroying productive capital,
which affects firms’ production (direct impact), because it requires
capital as an input factor. Hurricanes represent a supply shock that
limits firms’ ability to serve demand. In the short run, firms can-
not easily substitute capital as an input factor, and thus start to
lay-off people, increasing unemployment. This, in turn, directly af-
fects households’ income and indirectly lowers workers’ wage bar-
gaining power. Lower households’ consumption negatively affects
real GDP. Note that different sectors are impacted differently by an
hurricane shock, allowing the capital goods production sector to
use unused capacity to serve the additional investment demand.

1

COVID-19 originates as a demand shock to the economy. Exter-
nal demand from tourism, remittances and exports is reduced due
to global travel restrictions and lower economic growth. Internal
demand, especially domestic private consumption, falls as a conse-
quence of lockdown and curfew measures. The contraction in ex-
ternal and domestic demand negatively affects firms’ production.
Consequently, unemployment increases, households’ consumption
decreases and real GDP falls. The COVID-19 shock indirectly im-
pacts public and private finance.

Public finance: lower tax revenues due to lower real GDP lead
to increases in government’s deficit, requiring new public debt
(i.e. sovereign bonds issuance) to finance the COVID-19 spending.
Lower GDP and higher sovereign debt move the public debt to GDP
ratio upward and thus the cost of refinancing on international mar-
kets. This, in turn, reduces government’s future fiscal space and its
ability to react to crises.

Private finance: negative economic conditions increase firms’
leverage ratios and their probability of default. As a consequence,
banks tighten the credit conditions to firms, increasing their capital
costs. A wide range of investment projects become unprofitable,
with negative implications on firms’ new investments.

5.2. Simulation results: macroeconomic indicators

In this section, we present the results of the assessment of
compound risk on main macroeconomic indicators for Mexico (see
Fig. 4.2 for details).”

A single hurricane hazard (SC1) destroys productive capital
stock, entering the EIRIN economy as a supply shock. The tem-
porary shortage of production capacity negatively affects GDP
(Fig. 5.2). Since domestic and foreign demand are high when the
hurricane hits, firms face a shortage in production capacity to fulfill
aggregate demand. The high demand supports firms’ investment in
reconstruction investments to rebuild the damaged plants, offices

9 The model is initialised by the model calibration (see Section 3.1)
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and warehouses. This allows the economy to quickly recover and
GDP to catch up with the BAU GDP levels.

In contrast, the COVID-19 crisis (SC2) induces a supply and a
demand shock, leading to lower domestic consumption, tourism
and exports as a consequence of global lockdown that strongly
hit the export-dependent Mexican economy. These direct im-
pacts induce cascading effects in the economy via unemployment

13

(Fig. 5.3a). The cost of government response measures, includ-
ing new debt (and thus the cost of debt service) in combination
with lower real GDP, leads to a higher public debt to GDP ratio
(Fig. 5.3b). The increase in government bond issuance to finance
the COVID-19 response measures reduces the bond price. Lower
bond prices and higher sovereign bond yields, in combination with
shrinking tax revenues and sustained government spending, con-
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Fig. 5.4. Sensitivity of real GDP to an increase in government’s spending and stronger credit constraints (represented by a minimum required CAR) 5 years after the shock.
The red blue surface plot (a) refers to the COVID-19 only scenario (SC2). The blue yellow surface plot (b) refers to the compound COVID-19 and strong hazard scenario (SC4).
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In summary, when COVID-19 compounds with hurricanes (SC3

tribute to increase the government deficit. Thus, the direct impact
and SC4), the following dynamics occur:

of the original COVID-19 shock reverberates.
When COVID-19 compounds with hurricane (SC3 and SC4), the

interaction of demand and supply side shocks leads to non-linear ) ) ) ) .
amplification of the direct impacts on real GDP. This is captured by * The catchmg-u.p effect.m the hurricane scenario (SC3) occurs in
the compound risk indicator (Fig. 5.8). Firms revise future demand presence of mild hurricane damages (compared to the COVID-
expectations and consequently cut investments, reducing aggregate 19 scenario). In contrast, a strong hurricane prevents the econ-
supply because no additional capacity is needed to serve the de- omy from catc.hlng-up (SC4); .
mand. Unemployment increases, wages decrease due to the Phillips + The amplification of the effect of strong hurricane damages that
curve dynamics, and the public debt to GDP ratio increases. compound with COVID-19 (SC4), compared to the hurricane
only scenario (Fig. 5.2), highlights the existence of non-linearity

of impacts (Fig. 5.8).
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Fig. 5.5. Sensitivity the debt to GDP ratio to an increase in government’s spending and stronger credit constraints (represented by a minimum required CAR) 5 years after
the shock. The red blue surface plot (a) refers to the COVID-19 only scenario (SC2). The blue yellow surface plot (b) refers to the compound COVID-19 and strong hazard
scenario (SC4). The y-axis shows the percentage of additional government spending (AG) during the COVID-19 shock. The x-axis shows the minimum required CAR. The
z-axis shows the impact on the debt to GDP ratio. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this
article.)

5.3. Simulation results: government’s response and credit constraints

Governments and central banksand call over the world re-
sponded in an unprecedented way to the COVID-19 pandemic with
fiscal and monetary policies, respectively (The World Bank, 2020a).
In this section, we analyse the impact of varying government’s fis-
cal efforts on the recovery process. Furthermore, we consider sce-
narios characterised by fiscal and monetary policy coordination.
We assess the effectiveness of public response measures with re-
spect to different conditions in the credit market, i.e. the willing-

15

ness and ability of banks to grant loans for firms to finance the
recovery. Our aim is to investigate the conditions for effective cri-
sis management via fiscal and monetary policies’ intervention.

We conduct a sensitivity analysis of government’s spending dur-
ing the crisis AG as a percentage of Nominal GDP, considering
varying levels of constraining factors (such as a minimum Capital
Adequacy Ratio CAR proxying bank’s credit supply, see Eq. (26)).
We combine 10 feasible levels of government’s spending with 10
credit market conditions for each COVID-19, hurricane or com-
pound shock scenario. For each scenario, we obtain 100 observa-
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mentary monetary policy 5 years after the shock. The purple-yellow surface plot (a) refers to the COVID-19 and mild hazard scenario (SC3) with only fiscal policy response.
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references to colour in this figure legend, the reader is referred to the web version of this article.)

tions that show the effect on real GDP and on public debt to GDP
ratio up to 4 years after the shock, as in the 3D plots (Figs. 5.4-
5.7). Real GDP and public debt to GDP ratios are indexed against
the BAU scenario. The sensitivity analysis is a powerful tool to un-
derstand the relevance of individual policy responses and their in-
teraction with financial constraints. It also helps us to identify non-
linearities, and the presence and drivers of tipping points.

Our results yield three important insights with respect to the
role of banks’ lending, the effectiveness of government’s spending,
and the role of fiscal and monetary policies’ complementarity.

16

First, supply-side constraints in the economy, i.e. banks’ pro-
cyclical lending, add up to the non-linearity of economic impacts
(Fig. 5.4a and b). In particular, banks’ lending plays a key role in
the recovery by providing liquidity and preventing firms from go-
ing out of business. In Mexico, when when banks adjust their lend-
ing conditions (i.e. the cost of capital) to firms in response to large
compounding shocks, firms’ ability to invest in the recovery is im-
paired, and unemployment increases due to layoffs (SC4). As a con-
sequence, the economy faces long-lasting negative effects (hystere-
sis) as unemployment and public debt further increase, in a self-
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Fig. 5.7. Sensitivity of real GDP to an increase in government'’s spending, stronger credit constraints (represented by a minimum required CAR), with and without comple-
mentary monetary policy 5 years after the shock. The dark yellow surface plot (a) refers to the COVID-19 and strong hazard scenario (SC4) with only fiscal policy response.
The turquoise-pink surface plot (b) refers to the compound COVID-19 and strong hazard scenario (SC4) with complementary monetary policy in place. The y-axis shows the
percentage of additional government spending (AG) during the COVID-19 shock. The x-axis shows the minimum required CAR. The z-axis shows the impact on real GDP.
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

reinforcing way. Overall, GDP does not catch up with pre-shocks
levels, and the financial stability conditions of the country deterio-
rate.

Second, the increase in government spending in the aftermath
of shocks provides an important stimulus to domestic demand and
thus to GDP (Fig. 5.4), creating the conditions for the recovery. Ad-
ditional fiscal spending does not induce a trade-off for public debt
sustainability if banks keep lending (Fig. 5.5). However, there is
a threshold over which the increase in government spending (i.e.,
over 10% of GDP) starts to be counter-effective for GDP and public
debt ratios. At that point, firms are not able to satisfy the addi-
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tional demand being constrained in their access to credit. In ad-
dition, the worsening of firms’ financial conditions in sectors af-
fected by the hurricane (i.e. firms with productive capital located
in areas exposed to the shock), and by COVID-19 (i.e. firms active
in tourism, export of raw materials and intermediate goods, and
services) limits their ability to repay loans. This, in turn, weakens
banks’ balance sheets and financial stability. Therefore, in order to
comply with regulatory requirements (i.e., Basel III), banks tighten
firms’ access to credit and thus limit their new investments.
Finally, the coordination of fiscal and monetary policy strength-
ens the positive impact of government’s spending on economic re-
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Fig. 5.8. Compound risk indicator showing the non-linear amplification effects resulting from the compounding of COVID-19 and climate shocks happening in 2020. The
x-axis shows the timeline of the simulation until 2024 on an annual basis. The y-axis shows the value of the CRI indexed against the sum of the individual event scenarios
of hurricane only and COVID-19 only, at 100. The vertical dotted line represents the starting point of the input shocks, which occur during 2020. Two compound scenarios
are considered, i.e.: (i) COVID-19 and mild hurricane scenario (red line) and (ii) COVID-19 and strong hurricane scenario (purple line). Being an index, we do not present
results in percentage terms. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

covery. Our results suggest that central bank’s monetary policy of
lowering its policy rate has a positive effect on real GDP via price
signaling (Fig. 5.6). The resulting GDP growth contributes to keep
the public debt to GDP ratio under control and to improve access
to liquidity. Nevertheless, the conditions for fiscal and monetary
policy coordination to be effective depend on the size of the hurri-
cane shock. If the shock is mild (SC3) (Fig. 5.6), the coordination of
fiscal and monetary policy stimulates investments and consump-
tion, and contributes to improve banks’ balance sheet (i.e. to de-
crease decrease NPL) and their ability to lend to firms.

If the natural hazard shock is large (SC4) (Fig. 5.7), the effect
of policy complementarity on the recovery is weaker. Therefore,
structural adjustments in the labour and credit markets are needed
to create the conditions for effective government’s spending when
risks compound.

Our results show that the magnitude and persistence of the
COVID-19 shock in the economy depend on (i) the initial size of
the shock, (ii) the credit market conditions (Figs. 5.4 and 5.5), and
(iii) the coordination of fiscal and monetary policies (Figs. 5.6 and
5.7).

5.4. Compound risk indicator

With a compound risk indicator (CRI) we quantify the indirect
impacts of compounding of COVID-19 and natural hazard (in our
application, hurricanes) on GDP. We consider the potential non-
linear dynamics that emerge as the result of endogenous interac-
tions between sectors and agents of the EIRIN economy and fi-
nance. When non-linearities emerge, the shock caused by com-
pound risks is more (or less) than the sum of the shocks generated
by individual risks considered separately.

The CRI allows us to quantitatively assess the effects of the
compound risks with respect to the individual pandemic and cli-
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mate risks, as follows:

_ lmpacrcompound.t
impacrnatural hazard.t + impaCtCOVlD—w,t

where the impact is measured in this application in terms of GDP

loss, while the scenarios refer to COVID-19 only shock, natural haz-

ard only shock and compound COVID-19 and natural hazard shock.
The CRI can present the following modes:

CRI, x 100 (34)

» CRI < 100: non-linearities emerge but the shock triggered by
compound risk is lower than the sum of the individual shocks
caused by the natural hazard and COVID-19 risks.

« CRI = 100: there is a linear relation between the shock caused
by compound risk and the individual shocks resulting from nat-
ural hazard and COVID-19 risks.

« CRI > 100: non-linearities emerge causing the shock triggered
by compound risk to be higher than the sum of the individual
shocks caused by natural hazard and COVID-19 risks.

Fig. 5.8 shows the CRI in relation to the simulated scenarios.
When COVID-19 compounds with the hurricane shock (SC3 and
SC4), the interaction of demand and supply side shocks leads to
non-linear amplification of the direct impacts on GDP. Firms revise
future demand expectations and consequently revise investments
downwards, reducing aggregate supply because no additional ca-
pacity is needed to serve demand. Unemployment increases, wages
fall due to the Phillips curve dynamics, and the public debt to GDP
ratio increases. However, the degree of non-linearity depends on
the size of the hurricane shock (Fig. 5.8). A small compound hur-
ricane shock (SC3) improves the COVID-19 situation in the short
term (CRI < 100), as a result of the additional investment stimu-
lus. In the years after the shock (2022), impacts non-linearly in-
crease (CRI > 100) as the deteriorated economic conditions from
COVID-19 lead to lower production capacity needs than firms an-
ticipated before. Over-investments lead to additional private debt
interest payments for slack capital stock. Both the stimulus and the
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over-investment are small in scale. Nevertheless, they contribute to
smooth the non-linearity of compound shock impacts after 2023
(CRI = 100). A larger but less frequent hurricane shock (SC4) leads
to higher non-linearity due to higher constraints, both from the
labour and from the credit sides. Firms are impeded for investment
by lacking access to credit, leading to non-linear shock amplifica-
tion (CRI > 100) in the years to come. Therefore, risk may increase
in the future as climate change is expected to shift the distribution
of hurricane occurrence (IPCC, 2018) and to increase the magnitude
of losses due to compound events (Zscheischler et al., 2018).

6. Conclusion

In this paper, we quantitatively assessed the direct and indi-
rect impacts of indi the COVID-19 pandemicon the macroeconomic
and credit market performance in Mexico, by further developing
and calibrating the EIRIN Stock-Flow Consistent behavioral model.
We analysed the impact of adjustments in banks’ lending condi-
tions on firms’ investment decisions, on the effectiveness of gov-
ernment’s fiscal policies, and on sovereign debt sustainability in
the COVID-19 recovery process. Then, we assessed the macrofi-
nancial impacts of compounding COVID-19 and climate physical
risks (hurricanes), conditioned to scenarios characterised by vary-
ing magnitude and timing of climate shocks. Moreover, we studied
the role of fiscal and monetary policy coordination in the shock
recovery. Finally, we quantified the non-linearity of compound risk
scenarios on real GDP with a compound risk indicator.

Our results yield the following policy-relevant insights:

The risk transmission channels are shock specific and so are the
drivers of reinforcing feedbacks on agents and sectors of the on
economy and finance;

Credit market constraints, i.e. banks’ lending decisions, limit
firms’ ability to invest. Restricted access to credit imposes sup-
ply side constraints to the economy, in a similar way to the raw
material shortages that are currently observed in global supply
chains (e.g. computer chips);'°

When COVID-19 and climate physical risks compound, they
trigger non-linear dynamics that amplify the magnitude of the
economic shocks and their persistence over time (hysteresis ef-
fect). In particular, when strong hurricanes compound with the
COVID-19 shock, they prevent GDP from returning to its pre-
COVID GDP path in the short- to mid-term:;

Timely increase in government’s fiscal spending is crucial to
support the economic recovery. By replacing falling private de-
mand, it affects banks’ lending and firms’ investment decisions;
The coordination of fiscal and monetary policy strengthens the
positive impact of government’s spending on the economic re-
covery;

However, procyclical banks’ lending counteracts the effective-
ness of fiscal stimulus.

Our analysis contributes to inform the design of COVID-19 re-
covery policies aimed to strengthen fiscal and financial resilience
to future pandemics and climatic shocks. In this regard, In the in-
troducing compound risk considerations in governments’ fiscal and
financial risk management to create the conditions for building re-
silience to compounding shocks that could be more likely in the
near future. It is important that the economic analysis of com-
pounding risks is supported by models that are able to embed

10 In complementary analyses to the results presented in this paper, we observed
that temporary labour shortages in recovery relevant sectors (e.g. the capital goods’
sector) could also reduce the effectiveness of high levels of fiscal stimulus.
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financial actors and markets connected to economic agents, and
both the direct and indirect impacts of shocks. This, in turn, re-
quires to depart from strong assumptions on the structure of the
economy and agents’ behaviours.

The current version of the EIRIN model only indirectly includes
global supply chain shocks. Their integration in the model would
strenghten the assessment of cascading effects of individual or
compounding shocks. Nevertheless, it would increase the model
complexity, requiring the integration of Input-Output based infor-
mation. In addition, the model’s representation of financial markets
could be extended to other type of agents and securities, and to to
consider the role of financial complexity on risk amplification.

Avenues for further research in compound risk assessment may
include the integration of spillover impacts of extreme weather
events, which can trigger indirect economic impacts, such as the
destruction of infrastructure across fine-grained supply chains. This
would strengthen the assessment of cascading risks. Moreover,
moving in the direction of a stress test exercise, the EIRIN model
can be extended to integrate (i) a fully-fledged financial market,
and (ii) a financial network model to analyse the contribution of
financial interconnectedness to the amplification of losses and to
the building up of systemic risk. Finally, our model can be tai-
lored to consider other sources of risk, such as the role of biodiver-
sity losses and ecosystems depletion in the dynamics of compound
risk, thus supporting the analysis of biodiversity risk assessment.
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Appendix A. EIRIN balance sheet, transaction flow matrix and
net worth matrix

Tables A.5 and A.7.
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Table A.5
Balance sheet matrix of the EIRIN economy. Each column represents the balance sheet of an agent or sector. Assets are reported
with no sign while liabilities with a negative sign. Each column always sums to zero to highlight the definition of equity (or net
worth). Except for real assets, the table’s rows also sum to zero to highlight the financial interlinkages among sectors, i.e. that
what is a financial asset for a sector is a liability for another sector. In the matrix each subscript represents the index of the
agent to which the stock refers.
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Hy H, F¢ F K EN BA CB G ROW >
Tangible capital DK K, PKen pxK
Inventories pe Ik Drclg
Gold in the vault Mcp Mcp
gov bonds D8Ny, Psliga  PaNcs —Pshc 0
Bank’s loans —Lg, —Lg, —Lgy Lga 0
CB’s loan —Lcp Leg 0
Bank’s deposits My, My, ME, M, Mg Mgy —Dgy Mg 0
CB’s reserves Mpa ~Miat Mgrow 0
Equity (net worth)  —Ey,  —Ey, —Ep, —Ep —Ex  —En —Epa —Ecp —Eg —Erow  —Eemin
> 0 0 0 0 0 0 0

Table A.6

Cash flow matrix of agents and sectors in the EIRIN economy. The matrix is divided into two sections. The first section refers to cash receipts or outlays of operating
activities with an impact on net worth. The second section refers to cash flows generated by variations in real, financial and monetary assets or liabilities.

Cash flows from: Hy H; F¢ I K EN BA CB G ROW x
Consumption of: 0
- goods —Ch, —Ch, PrGr PR AR —Ce 0
- energy —pendfy  —PenGfy  —Penafy  —Pendf  —Pendg'  Penden 0
Imports —qu,Pr.  —QH, PR —DPrAr PRAR + GH DR 0
Exports P qF, PR Ay, PENGEN —DPRdf, —Prdy, —Pendry O
Tourism Tug, —Tugow 0
Remittances Ry, Ry, —Rgrow 0
Wages Yh, —NEWhigh ~ —NgWigw ~ —NgWhigh —NgWhigh 0
Interests:
- bonds’ coupons Y‘sk CpNpa CpNce —CpNg 0
- bank’s loans —rfkLg, —rfiLg —rEVLey Y 0
- CB’s loan —rcgles replep 0
Income tax —Ty, T, —T5, T —Tx —Ten Tc 0
Dividend payout i —dcy —dg —dg —dey —dpa 0
Seignorage —Scp Sc 0
(Net Cash flow) NCFy, NCFy, NCF;, NCF; NCF¢ NCFy NCFzy NCFcp NCF; NCFrow 0
+ + + + + + + + + +
Capital investment —prqt —pratt Prax 0
A Loans AL, ALy, ALgy —ALps + ALcg —Alcp 0
brown bond issues —ppAny, —ppAng, —pgAncg  ppAng 0
A bank’s deposits —AIVIHw _AMHk —AMFK —AM}-‘L —AMK —AMEN ADBA —AMC 0
A CB’s reserves —AMpa AMiqe —AMgow 0
> 0 0 0 0 0 0 0 0 0
Table A.7
Net worth change matrix. The matrix shows how sectors’ net worth changes due to both net cash flows and the price changes of financial assets.
Hw Hy F¢ F K EN BA CB G ROW
(Net cash flows Table A.6) NCFy, NCFy, NCF, NCF; NCF NCFey NCFsp NCFp NCF; NCFrow
Capital depreciation —8Kg, —81K, —0kKen
Capital destruction (potentially) —& K, —&Ky, —&xKen
Change of inventories pcAle
Price change of:
- tangible capital ApkKg, ApkKg, ApxKey
- inventories Apcle
- bonds Apgpnpy, Appnpgs  Apgnicg  —Apsng
—AEy, —AEy,  —AE _AEx —AExy  —AEp  —AEg  —AEc — AEzow
> 0 0 0 0 0 0 0 0 0 0
Appendix B. Accounting equations ergy expenses pgy qiy, and income tax payments, ie., Y/ =
(1 =) (Nhigh Whigh + Niow Wiow ) — PEN qffy + Ru,, where Ry, are
B1. Heterogeneous households remittances, 7 is the tax rate and Nyg, is the share of the labour
o ) force employed in the capital intensive consumption goods sector,
Worker (HW) (receiving wage income) in public sector and in capital goods producer sector, while N,
Changes in assets: represent the share of labour force employed in labour intensive
A MHW _ Il}jt — DR, CII-:;W — Dk, CII-:;(W _ IMHW (B.1) sector, 1.e. Nhigh = Ngoy + NFk + Ng and Ny, = NFI

where IMp,

is worker household consumption goods

im-

ports. Ygfvt is the net disposable labour income, net of en-

Changes in liabilities:

AEy, = AMy, (B.2)
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where changes in workers equity AEy,, are all reflected in work-
ers’ changes in deposits being the only way workers accumulate
wealth.

Capitalist (H,) (receiving dividend and bonds income)

Changes in assets:

AMpy, =Y — b, Gi — Pr Gf. — Any, pg — IMy, (B.3)

where [My,_ is capitalist household consumption goods im-
ports. YH”:t is the net disposable income, net of energy ex-

EN i i i net _
penses pPgn qu and capltal Income tax payments, l.e. YHk =

a- ‘L')(dpl_ + dFK + dg + degy + +dpa + nﬁk CB) — DEN qf};’ +RH,<
where Ry, are remittances, 7 is the tax rate applied to the

dividends payout and bonds coupons.
Changes in liabilities:

AEp, = AMpy, + Any, pg+ ny, Apg (B4)

where Anp pp, ie. the change in value of the bond portfolio
held by the capitalist household. The change depends both on the
purchase of new bonds Any, issued by the government and the
change in bond price A pg.

B2. Consumption goods producers (F, + Fg)

Changes in assets:

AMj:Hj—dj—pKIj-FAL]‘ (B.5)

where I; represent the investment, II; is the net operat-
ing profit, i.e. IT; = p; (C,’j,W +C{,k) +Tup, + Gj + pe, a5, — wx Nj —
PR AR — PEN qu — Té L] - Tj, with _] =F,F and x = hlgh, low. T]
is the corporate tax, G; is the government spending expenditures,
pcmq’c(m are consumption goods and intermediate exports, L; are
new loans and d; is the total dividends payout which is set equal
to the net operating profits realised at the previous time step, if
positive:

Aszfcstj — %‘jKj+Ij (B.6)

Al =qp —Cff - Cf;; (B.7)
Changes in equity:

AEj = AM; + A(plLIN}) + A(p Kj) — AL; (B.8)
Changes in consumption goods firm’s equity consist of de-

posit changes AM;, changes in its inventory valuation where
A(pé INj) = Apé IN; + pé AIN; and changes in employed capital
A(py Kj) = Apy Kj + py AK; as well as changes in liabilities AL;.

B3. Capital goods firm (K)

Changes in assets:

AMy = Ig — dx (B.9)

where Il is the net operating profit, i.e. ITx = py Ix — Wpign Nk —
pen GEN — Ti, and we have Iy =I; + Ig. dy is the total dividend pay-
out set equal to the net operating profit, if positive, realised at the
previous time-step.

Changes in liabilities:

AEx = AMg
(A.10)

(B.10)
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B4. Energy firm (EN)

Changes in assets:

AMgy = Tgy — deny — pr Ien + A Ly (B.11)

where Tlgy is the net operating profit, ie Ty = pen Y qh" —

Poqo — réLEN — Tgn, and dgy is the total dividend payout set equal
to the net operating profit, if positive, realised at the previous time
step.

A Ken = —8pn Ken — Een Ken + Ien (B.12)
Changes in equities:
AEEN = AMEN+ApKI<EN+pKAI<EN_ ALEN (B13)
B5. Commercial bank (BA)
Changes in assets:
(B.14)

AMBA=HBA+ZADn+AnBAPB—ZALn
n n

where Ilp, is the operating profit, i.e. [gs = 1 (3_, Ln) —rep Lep +
ngacg, Dn are deposits and dgs is the total dividend payout set
equal to the operating profit, if positive, realised at the previous
time step, and if the bank fulfils a capital requirement rule, i.e. its
equity capital is higher than a given percentage of total outstand-
ing loans.

Changes in liabilities:

ADBA=AMHW-I-AMH,(—FAMFK-I-AMFL-FAMEN

+A My + A Mcoy (B.15)

A Egy = AMgs+ Y " ALy + Anps P+ nga A pp
n
—> ADy— Alg (B.16)
n
B6. Government (G)
Changes in assets:

AMg = THW+THk+TFK +T1:L+7}<+TEN+SG—HCB—Gj

+Ang pg +ncApg + A Lrow (B.17)

where S; represent seignorage, Loy are loans provided by interna-
tional institutions to support government spending. The different
tax proceedings are computed as a t¥% of the labour income, capi-
tal income and operating profits realised at the previous time step.
For the sake of simplicity, we assume that the operating profits of
the bank are not subject to taxation.

Changes in liabilities:

A Ec = AM¢ — Ang DB + n(;ApB (B18)
B7. Central bank (CB)

Changes in assets:
A Mcp=T1cgLeg —Sg — A Lep (B.19)

where Seignorage S is set equal to the value of rcg Lcg at the pre-
vious time step.
Changes in liabilities:

A Dcg = A Mgy (B.20)
A FBeg = A Mgow (B.21)
AEcg=AMcg+ ALy —ADeg — AFlg (B.22)

where FBcp represent foreign liabilities.
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B8. Foreign sector (ROW )

Changes in assets:
AMgow = PR qr + IMy,, + IMp,
—TUg, — A Lgow
Changes in liabilities:
A Erow = A Mrow

— Ry, — Ry,

Appendix C. Behavioural equations

C1. Heterogeneous households (Hy and Hy)

Yy, = Z(Nhighwhigh + NigwWiow)

YHk = Ny, Cp + Zd,‘

Y = (1—-17) Y — pen @5 + Rm
Cn = Yo + p(Mm — ¢ Yyt

G = B Cn

Gx = (1-p)Cn

with m = Hy, H,.

C2. Labour market

Whigh = ((1 —2) Wimax +2Z Wiin + Winax)/2
Wigw = (1 = 2) Winax +Z Wi + Wi ) /2
Aw = (=6; + 0, e)w

Nhigh Whigh + Nigw Wigw = (Nhigh + Nigw) W

N; = min (q ¥iK; )/yj

N = min (Z L/vd. (+ ) NK.t])
n

(3. Consumption goods producers (F, and Fy)

g5 =min (y)'N;, v} K;, vf ¢, vyl af
with j=F, F.
o WiNj+rhLi+ pen g + pr gt
pj= T
J

. G +Cif
dr, = min [ INg, + g, WTk

Fi
. Gt +Gi +Tug
qr, =M\ qf, —=

ok

— EXg,

— EXg,
(B.23)

(B.24)

(C2)

(C3)

(C4)

(C.5)

(C.6)

(C.7)

(C.8)

(C9)

(C.10)

(C11)

(C12)

(C13)

(C.14)

(C.15)

(C.16)
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C4. Energy firm (EN)

Gen = qf + qr + g + g + i (C17)
EN Ly +
pen = (1 + Wen) <DENpoqo> (C18)
qEN
Investment decision
I = max (K, — (1 - 8 Ky) — (1 - £ Ky).0) (C19)
In < Mp + ALy (C.20)

Aq pi—wW; AN, —Aq® pr—A gt p
NPV——p1<I+Z< Bt ke M} Rk} L

=1 T+r
(C.21)
C5. Capital goods firm (K)
qx = I, + I +Ien (C22)
Whigh N + ¢EN p
px = (1+ k) (’”g" KqK K_TEN (C23)
C6. Commercial bank (BA)
Lo _
=1y (1 + (En 7 w)) (C.24)
rlg‘t = r,’}[,l +Ar (rg,T - rlg,tfl) (C.25)
Ega
Al < max(CAR Lue 1, o) (C.26)
C7. Government (G)
Ang = M= Mg (C.27)
DB
(8. Central bank (CB)
Teg =Wy (M —7T) +wy(u—1) (C.28)
_ 9% Apy 95 Apg (€29)
@, +4qf Pr 4f +df DPr
u=1- Nic + Ni, + Ng¢ (C.30)
Ntot
_ N+ Ng + N (C31)

N tot
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