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Abstract
Using a stockKlow-fund ecological macroeconomimodel, we analyse (i) the effects of climate
change on financial stability and (ii) the financial and global warming implications of a green
guantitative easing (QE) programme. Emphasis is placed on the impact of climate change damages o
the price of fhancial assets and the financial position of firms and banks. The model is estimated and
calibrated using global data and simulations are conducted for the perio@ PZZX.6Four key results
arise. First, by destroying the capital of firms and reducing grefitability, climate change is likely
to gradually deteriorate the liquidity of firms, leading to a higher rate of default that could harm both
the financial and the neinancial corporate sector. Second, climate change damages can lead to a
portfolio reallocation that can cause a gradual decline in the price of corporate bonds. Third; climate
induced financial instability might adversely affect credit expansion, exacerbating the negative impact
of climate change on economic activity. Fourth, the eam@ntation of a green corporate QE
programme can reduce climateluced financial instability and restrict global warming. The
effectiveness of this programme depends positively on the responsiveness of green investment tc

changes in bond yields.
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Climate change, financial stability and monetary policy

1. Introduction

Climate change is likely to haavere effects on the stability of the financial syseéamnfor
instanceAglietta and Espagne, 2016; Batten et al., 36at et al., 200 Two broad climate
related financial risks have been identi{@dhe transition riskisat have to do witlthe re
valuatiorof carbonrintensive assets as a resuthottks related to theansition to a M-carbon
economyand (b) the physical risksat are linked to the economic dges of climatelated
events So far, most studies have concentrated enniplications of transition risks (see e.g.
Carbon Tracker Initiative, 2011; John&fii2; Battiston et al., 20$#lbova et al., 2018; Trinks
et al., 2018 Less attention has been paithe detailed analysispbiysical risks, whidtave only
partally beerexploredn macro modelBy Dietz et al. (2016), Dafermos et al. (201 7B @veri

et al. (2018)The investigationf the physicatisksis particularly important: would help us
understandhow the financial system could be impairéxd ifransition to a lowcarbon economy

is very slow in the next deca@esl, consequently, severe globamuagris not ultimately
avoidedIt would also allow us to understand which policies might be more effective in reducing

the financial instability that migiem from climate damages.

In this paper, we develop an ecological macroeconomic model that sheds light on the physical
effects of climate change on financial stafihigis called the DEFINE (Dynamic Egs$ermn
FINanceEconomy) modeWwhichbuildson the stocKlow-fund model of Dafermos et al. (2017)

The latterelies on a novel synthesis of the stioek consisten(SFC)approach of Godley and

Lavoie (2007) with the flehund model of Georges®oegen (1971, ch. 9; 1979; 198he

model is c#drated and estimated using global data and simulations are presiehtdblistrate

the effects of climate change on the financial system. We pay attention to the following key
channelsFirst, the increase in temperature and the economic catastiaigledsby climate

change could reduce tpeofitability of firms and could deteriorate their financial position
Accordingly, debt defaults could amgaich would lead to systemic bank losses. Séoard,

firm profitability combined witlglobal warmingelated damages can affect the confidence of

1See t he movinvevddirsmodetdigs i t e :
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investors, inducing a rise in liquidity preference and a fire te@@énainciainstrumentsssued

by the corporate sector

Dietz et al. (2016) have neity investigated quantitatively the physical tropatimate change

on the financial systefhey use a standandegratedssessmemhodel (IAM) and the climate

value at risk (VAR) framework. Assuming that climate change can reduce the dividend payments
of firmsand, hence, the price of financialtastigey provide various estimates about the climate
induced loss in the value of financial assets. Our study moves beyond their analysis in three
different ways. First, by relyingamSFCGipproach, we portray explicitly the balance sheets and

the finan@l flows in the financial sector. This allows us to model the -@fichated fragility

that can be caused in the financial structures of firms and banks, a feature which is absent in Dietz
et al. (2016). Second, we utilise a multiple financial ask#io pdrbice framewoykvhich

permits an explicit analyeisthe climatenduced effects on the demand of financial assets in a
world of fundamental uncertainty. This allows us to capture the implications of a fire sale of
certain financial asseffieseimplications araot explicitly considerad the malel of Dietz et

al. (2016) wherelimate damages do not have diversified effects on different financial assets.
Third, the financial system in our model has anaotral impact on economic activity: itred
availability and the price of financial assets affect economic growth and employment. Accordingly,
the interactions between economic performance and financial (in)stability are explicitly taken into
account. This is crucial since the feedback econfietts eof bank losses and asset price
deflation can exacerbate climatiiced financial instability (see Bate al., 2016)0n the

contrary, Detz et al. (2016) utilise a neoclassical growth framsehem longun growth is
independent of the finaatistructure of firms and banksis leaves little room for tl@alysis

of the macroeconomic implicatimfclimateinducedinancial poblems

Our methodological approach shares more similaritiesBowtri et al. (2018) who have
investigat® how clmate change can affect theebtednessf firms, using an SFC model.
However, their modalbstracts from asset prices asslimes a passive bankingsyst which
there is ncexplicit credit rationingnd no effect of endogenous defaults on bank cdapital
impliesthat the feedback eftts of climatenducing financiahstabilityon the macroeconomy
cannot be explicitly exploredis the casm the current model.



Our simulation results illustréit@tin a business as usual scemdéinate chage is likely to have
important adverse effects on the default of firms, the leverage of banks and the price of financial
assetsThese effects beconmore severe after global warming passes.f& threshold.
Importantly, climatenduced financial stahlity reinforces the adverse effects of climate change

on economic activity.

An additional contribution of this paper is that it examines how monetary policy could reduce the
risks imposed on the financial system by climate change. Drawing on thiscassiang about

the potential use of monetgmglicy in tackling climate charfgee e.gviurphy and Hines, 2010;

Werner 2012;Rozenbergteal., 2013Anderson, 2018Barkawi and Monnin, 2015; Campiglio,

2016 Matikaineret al. 2017 Volz, 2017 Moresteolo and Raberto, 2011 8ve examine the extent

to which a global green quantitative easing (QE) programme could ameliorate the financial
distress caused by climate change. This programme involves the purchase of green corporate
bonds

The pap e is@sfollawa.tSection @ presents the structure of the model and the key
equations that capture theks between climate chaneancial stabilitand monetary policy
Section 3 escribes the calibration, estimationvatidation of the model. Sectibanalysesur
simulationabout the effects of climate changeh® financial system. Sectofocuses othe

impact ofa green QE programme. Secti@olcludes.

2. The model

The DEFINE model(versbon 1.0 consi st s of t wo Iitegmbl ddloxk (
encapsulates the carbon cycle, the interaction between temperature and carbon, the flows/stocks
of energy and matter and the evolution of ecc¢
and financi al sy sdfieamdial transactomns, the badahce sheetstructdre and t h
the behaviour of households, firms, banksfral banks and the government sedhbe

technical description of the model andiifi@mation about thdata used for its calibration and
estimatiorcan be found in Appendix



It is assumed that there is one type of material good that can be used for durable consumption
and (conventional and green) investment purposes. Four matter/energy transformation processes
are necessary for the production @ tfood and all of them require capital and labour. First,
matter (normetallic minerals and metal ores) has to be extracted from the ground and has to be
transformed into a form that can be usedn input in the production. Second, useful energy has

to be generated basedrmn-renewable sources (e.g. oil, gas and coal) or renewable sources (e.qg.
sun, wind). Third, recycling has to take place. Every year a part of the capital stock and the
durable consumption goods that have been accumulated in thec@oomic system are
demolished/discarded; the material content of these accumulated capital goods and durable
consumption goods is called saionomic stockA proportion of this demolished/discarded
socieeconomic stock is recycled and is used adl@an in the production of the final good.

This means that not all of the matter that is necessary for the production of the good has to be
extracted from the ground. Fourtthe final good needs to be produgsithg material and energy

inflows from the dter processes.

Crucially, all these four processes, in combination with the functioning of the whole socio
economic system, generatgimducts. In particular, industrial Sgnissions are produced as a

result of the combustion of fossil fuels. Enesglisisipated in all transformation processes; this
energy cannot be used again. In addition, the demolished/discardedosmrioc stock that is

not recycled becomes waste. Part of this waste is hazardous and can have adverse effects on the
health of thgpopulation.

Since the model focuses on the aggregate effects of production, all theeatored

processes have been consolidated and are presented as part of the total production process. An
unconsolidated formulation of the production processiwoake the model and its calibration

much more complicated without changing the substance of the analysis that we pursue here.
However, such an unconsolidated version would be useful for the analysirof dyn@amics

and could be the subject of f@wxtensions of the model.

2This is a term used in material flow analysis (see e.g. Krees&a2015). In general, seeimonomic stoclso
includes animal livestock and humbiosvever, these stocks (whose mass remains relatively stable)cer tiohe
includedn our analysis. As will be explained below,-sooimomic stock is measured in Gigatonnes.
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Although capital, labour, energy and matter are all necessary in the transformation processes,
these resources do not directly determine the level of production as long as they are not scarce: in
the absence of scarcity, theelexf production is demaidtermined, in line with the post
Keynesian tradition. However, if any of these resources is not sufficient to satisfy the demand,
producton is directly affected by resouscarcity. In particular, we assume that, under supply

side constraints, consumption and investment demand might decline. Moreover, although all
these resources are necessary for the production of goods based on outypeqrefuction

function (i.e. there is imperfect substitutability), their relatiehaisges because of technological

progress.

The way that carbon emissions affect climate ctudlioges closeliNordhausandSztorc(2013).

In particularCO, emissions lead to an increase in atmosphesico@iCentration. The evolution

of CO, concentraon is affected by the carbon cycle that captures the exchange of carbon
between the atmosphere and the upper ocean/biosphere and between the upper ocean/biosphere
and the lower ocean. The accumulation of atmospheran@®ther greenhousesga increas

radiative forcing. This increase places upward pressures on atmospheric temperature.

A crucial distinction is made between green capital and conventional capital. Compared to
conventional capital, green capital is characterised by lower energy, iotgesitmaterial

intensity and higher recycling rate. Moreover, green capital produces energy using renewable
sources, while conventional capital produces energy using-ttheemable sources. Hence, the

use of green capital is conducive to ecimwoneconomy.As the proportion of green capital to
conventional capital increases, the goods consumed by households are produced in a more
environmentally friendly way. However, we do not make a distinction between conventional and
green consumptiongoodhT s means that househol dsd envirol

direct impact on the decisions of firms about green and conventional investment.

SA more realistic formulation would be to assume di ff«
properties thatach capital baln thatcaset he &égreenest 6 capital woul d be that
energy and is endowed by lower energy intensity, lower material intensity and higher recycling rate compared to
conventional cagail. On the other hand, the ledsgend capi t al would be the capiteza
properties. However, such a formulation would complicate the model significantly since it would require the
distinction between many types of green investment and would make the calibratiomodélta much more

challenging exercise.



Firms invest in conventional and green capital by using retained profits, loans and bonds.
Commercial b&s accumulate capital and distribute part of their profits to households. They
impose credit rationing on firhmans. This means that they play an actie in the
determination of output and the accumulation of green capital. Hougehelds |labour
income, by durable consumption goods and accumulate wealth in the form of ,deposits
corporate bonds argbvernmensecuritiegthere are no household loa@)rporate bonds can

be either green or conventional. When the demand for green bonds ,itlceeaises of these

bondstends tago up, leading to a lower cost of borrowing for green projects.

Therefore, we overall have théligher willingness of banks to provide credit for green projects
and a higher demand for green bonds by households boogédiviengreen investment. At the

same time, higher green investment can reduce the physical risks for the financaa wylstem

be explained in detail belolis implies that our model allows us to investigate the finance
green innovation nexuowe\er, there are various aspects of the firguess innovation nexus

that are not analysed in this paper. In particular, the financing of green investment can lead to
fundamental changes in the way that the production system uses energy and matger, causing
shift to a new techmaeconomic paradigm. As hdmwen emphasised in the neo
Schumpeterian/evolutionary literature (see e.g. Perez, 2009, 2010), a shift to a rew techno
economic paradigm might entail transition risks, can cause financial booms anldchnstsaah

to fundamental socieconomic changes. The detailed investigation of these aspects of the
transition to a more ecologically efficient economy cte Iseibject of futurapplicationsnd

extensionsf the modet.

Central bankglay a key rol@ our model. Thegletermine the base interest rate, provide liquidity

to the commercial banks and purchase goverrsmemttiesand corporate bonds. When they
buygreen corporate bonds as part of a green QE programme, they place downward pressures on
the green bond yields, and this has positive effects on the cost of borrowing for green projects.
Governments collectaxes, decide about the level of government expenditures and can

implement bailout programmes if there are financial problems inkimg bactor

4 For aa SFCmodel that has analysed the interlinkages between technological change, finance and the real economy,
drawing on the literature on teckeamnomic paradigms, see Caiani et al. (2014).
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Inflation has been assumed away andjrfgolicity the price ofyoods is equal to unity. We use

USdollar ($) as a reference currefbg model has an annual time step.

The &eleton of the model is captureg four matricesThe first matrixis the physical flo

matrix (Table 1jhich portaysthe inflows and the outflows of matter and energy that take place

as a result of the production proc&s® First Law of Thermodynamics implies that energy and
matter cannot be credtor destroyedrhis is reflected in the material and energy baldree.

second matrix is the physical stib@k matrix (Table 2), which presents the dynamic change in
material and nerenewable energy reserves, the atmosphesicdd@entration, the soeio
economic stocind the stock of hazardous waste. The first row of the matrix shows the stocks of
the previous year. The last row presents the stocks at the end of the current year. Additions to
stocks are denoted by a plus sign. Reductions of stocks are denotedigysigmmifhe third

matrix is the transactions flow matrix (Table 3), which shows the transactions that take place
between the various sectors of the economy. Inflows are denoted by a plus sign and outflows are
denoted by a minus sign. The last matrixeibdlance sheet matrix (Table 4) which includes the

assets and the liabilities of the sectors. We use a plus sign for assets and a minus sign for liabilities.

Table 1:Physical flow matrix

Material Energy
balance  balance

Inputs

Extracted matter +M

Renewable energy +ER
Non-renewable energy +CEN +EN
Oxygen used for fossil fuel combustion +02

Outputs

Industrial CQemissions -EMIS)\

Waste -W

Dissipated energy -ED
Change in socio-economic stock -1 SES

Total 0 0

Note: The table refers to annual global flows. Mattén Gnasaseinergy is measurkdieidéd description of the
symbols can be foAppémdiA.



Table 2:Physical stoeflow matrix

Material  Non-renewable Atmospheric C® Sodio-economi Hazardous
reserves  energy reserve oconcentration stock waste
Opening stock REV m-1 REVE1 CO2%71 SES; HWS._;
Additions to stock
Resources converted into reserves +CONy +CONg
CO, emissions +EMIS
Production of material goods +MY
Non-recyded hazardous waste +hazW
Reductions of stock
Extraction/use of matter or energy -M -EN
Net transfer of Cexo oceans/biosphere +(f11- )CO2a7.1 +F21CO20p-1
Demolished/disposed socdo-economic stock -DEM
Closing stock REV v REV g COZr SES HWS

Note: The table refers to annual glabal fitmektatter is measured in Gt and energy is EibAsdetailed description of the symbols

can be foundppendiA.



Table 3: Transactions flow matrix

Households Firms Commerdal banks Government sector Central banks Total
Current Capital Current  Capital Current Capital Current Capital

Consumption -C +C 0
Government expenditures +G -G 0
Conventional investment +lc -lc 0
Green investment +l g ‘e 0
Household disposable income net of deprediation-Yp +Y 1p 0
Wages +wN -wN 0
Taxes Tw Te +T 0
Firms' profits +DP -TP +RP 0
Commerdal banks' profits +BPp -BP +BPy 0
Interest on deposits +intpD 4 -intpD .y 0
Depredation of green capital - /K + K 0
Depredation of conventional capital - [EK + K 0
Interest on conventional loans -intcL cq +intcL cg 0
Interest on green loans -intgL g1 +intgl g1 0
Interest on conventional bonds +coupagbey.1 -coup@ybc.; +couparbecea 0
Interest on green bonds +coupagbgh.1 -coupeybg.1 +coupagbees-1 0
Interest on government securities +intsSECH1 +intsSECg 1 -intsSEC; +intsSECcp.1 0
Interest on advances -inta A 4 +intaA 1 0
Depredation of durable consumption goods -0RC +0DC 0
Central bank's profits +CBP -CBP 0
Bailout of banks +BAILOUT -BAILOUT 0
l'deposits -1 D +! D 0
l'conventional |l oans +1 - d 0
l'green |l oans +! g -l d 0
!'conventional bonds ! ey +re! ke ! kees 0
!green bonds ! ben +e! s 1! hecs 0
lgovernment securities -1 SEC -1 SEC +1 SEC -1 SEC O
ladvances +1 A 1A 0
!'high-powered money -1 HPM +1 HPM 0
Defaulted loans +DL -DL 0
Total 0 0 0 0 0 0 0 0 0 0

Note: The tablefers to annual §twobal trilliorJS$. A detailed description of the symbols caAtyzefodiid in



Table 4:Balare sheet matrix

Households Firms Commerdal Government Central Total
banks sector banks

Conventional capital +Kc +Kc
Green capital +Kg +Kg
Durable consumption goods +DC +DC
Deposits +D -D 0
Conventional loans Lc +L ¢ 0
Green loans -Lg +Lg 0
Conventional bonds +pcben -pcbe +pcbees 0
Green bonds +paben -pebs +pcbecs 0
Government securities +SECq +SECp -SEC +SECcg 0
High-powered money +HPM -HPM 0
Advances -A +A 0
Total (net worth) +V y +V e +Kpg -SEC +V cB +Kc+Kg+DC

Note: The talrefers to annual globakhstiolliksUS$. A detailed description of the symbols caAfyeefudid in

The model extends the modeleleped by Dafermos et al. (204y including a bond market,
central bankinghe government sector, household portfolio choice and an endogenous rate of
default for firms. In what follows we present the equations of the model that are more relevant
for the interactions between climate change, financial stability and moneya#y getailed
description of the equations of the model can be foukabiendixA.

21. Green capital, energy iatahségewable energy

Green capital allows firms to produce the same output with less Bmergycaptured by the

following logisc function:

gmax._ gﬂn (1)

e= B
1+p5e‘ Pe(Kerl/Kc 1)

where e is energy intensjtyps and p, are mstive parameterand €™ and ™" are,
respectively, thmaximum and the minimum potential values of energy intensity. As the ratio of
green capitdk ;) to conventional capiték . ) increases, energy intensity goes dbwenuse of

the logistic function implies thattmstallation of green capital (relative to conventional capital)
initially generates a slow improeat in energyntensity. However, as installation expands
further, the improvement reaches a-tdk@oint after which energy ensity improves much

more rapidlydue to the learning obtained from installation experience and the overall expansion
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of green capital infrastructutieat has positive network effecEnally, as energy intensity

approaches its potential minimum, improvement starts to slow.

A similar logistic functiors used for the effects of green capital accumulation on the share of
renewable energy in total energy produced

q= L @

B l+p7e_ps(KG'1/Kc —1)

wherep, and pg; are positive parameteBy. definition, the maximum potential value a$ 1

Note that in Dafermos et al. (2D1fAe formulation of the links between green capital and
ecological efficiency indicatsjuite different sincedbes not rely on logistic functionghe

use of logistic functions in theesenmodelallows for a more realist@presentation that takes

into account the processes of learbyrdoing and learniAgy-instaling, whic play a keyole in

the diffuision of new technologiédt also allows us to derive patterns about the future trajectories

of energy intensity and renewable energy that are similar with those of other related studies (see,

for instance, Jones and Warner, 2016; Peters et al., 2017).

22. Output determination and damages

Eq. (3 shows our Leontidype production function:

Y+ = min(Yg, e Y Y5) €

where Y is the potential output. The potential outgsitthe minimum of(i) the matter

determined potential outp{i, ) which deperslon material reservé$),the energgetermined
potential output ¥¢) which is a function of nenenewable energy reser\@g, the capital
determined potential outpuit () that relies on capital stock @agital productivifyand(iv) the

labourdetermined potential outputy() which depends on labour force and labour productivity

The actual outputy() is demandetermined. Agggate demand miqual to consumption

expendituresq) plus investment expenditu¢e$ plusgovernment expenditures )

5 For the imprtance of these processes in energy systems and renewable energy technologies, see e.g. Kahouli
Brahmi (2009) and Tang and Popp&R01
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Y=C+|+G (4)

However, émand is not independent sipply. Wheny approachey”, demandtends to

decline due tsupplyside constraintéhis is achieved via our investmant consumption
functiors described belgw

Output determination is affect by climatehange as followglobal warming causes damages to

capital stock and capital productivity, decreasing also causes damage$atwur force and

labour productivity, reducingy * These damages affect output tivo ways. First, by

experiencingr observinghese damages, households and firms become more pessimistic about
thar future economic position particular, climate damages might increase the fears of
entrepreneurs that their capital will be destroyedtheat their profitability will be reduced.
Moreover, natural disasters and health problems might induce households to save more for
precautionary reasdnghereforeconsumption and investment demand are lomrapared to

what would be the case withalgmages. As a reswdggregate demand goes dawren

damages incredsBecond, thelimateinduced reduction i, and Y, leadso a lowery”. If
aggregate demand is far belowthissecond channebes not have a direct impact on output

produced. However, when becomes sulfficiently close Y0, investment and consumption

decrease even more due to the clideateageso as tbe in line with the supply constraints.

Eq. 6) is the damage function, which shows how atmospheric temgekajuard damages are

linked:

Dr =1- ! 5

L+MTar +h5Tar® +haTar® ">

6 For a discssion of these damages, see Appénaind the references therein.

7 For some empirical evidence abdwet impact of natural disasters on the saving behaviour of households, see
Skidmore (2001).

8 We assume that the expectations of households and firms about climate change damages are adaptive. Hence, their
consumption and ingement decisions are determibaded othe damages of the previous year.
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D7 Is the proportional damage which tiesveen 0 (no damage) and 1 (complete catastrophe).

Eg. 6) has ben proposed by Weitzman (2012) 4, 4# 0.° The variableD; enters intahe

equations that determine capital stock, labour force, capital produrdifeibour productivity,

affecting thereby potential output. It also enters inteaadhgumption and investment demand
functions Drawing ordeBruin et al. (2009), a distinction is made between gross damages and net
damages. Gross damages are the ahitelte changesithout adaptation measures, while net
damages are the damages after the implementation of adaptation ‘heéswassume that

capital, labour and their productivities are affected by net damages. However, households and

firms form expectens based on gross damages. Weetéfp. (5) as a gross damage function.
2 3. The financing of investment

Firmsd i nvest menistage procésa Atra dirkt stage, irmsadecida their averall

desired investment in both green emventional capitél®). At a second stage, they allocate
their desired investment betwdentivo types of capital. Eq) ¢@ptures the first stage:

a a+ + - - - A B
ID:@%_l,r_l,ur wnue 1Juml_8<1 te Ky 3"“1@- R ]) (6)
¢ ¢ - -

where K is the capitastock andc is the depreciation ratdet investment is affected by a
number of factors. First, following the Kaleckian approach (see e.g. Blecker, 2002), it depends
positively on the rate of (retained) profitsgnd the rate of capacity utilisatioh (The impact

of these factors is assumed to belim@ar in general line with the tradition that draws on Kaldor
(1940). This means that when the profit rate and capacity utiligatienydow or very high

their effects on investment become rather small.

Second, following Skott and Zipperer (2012), we assume -lmmeapnimpact of the
unemployment ratei() on investment: when unemployment approaches zeeoistescarcity

of | abour that di scourages entrepreneurs to
Kal ecki 6s insights, according to which high e
an adverse impact on the business climate €Tibatly, this negative effect of employment could

be put into question in the presence of immigration and -@bgmienting investment. In the

9 Our damage function captures the aggregate effects of climate change. For a damage function that considers
explicitly the heterogeneity of climate shocks across agents, see Lamper8ket al. (201
101n our cefinition net damages do not include the financial cost of adaptation.
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presence of immigration, entrepreneurs can expect that the flow of immigrants will relax the
labour shortage csimaint. Thus, investment might not decline when employment approaches the
full employment level. However, this does not apply in our model, since we analyse the global
economy and, thus, there is no immigration effect. Regardinepladpoenting investmig it

could be argued that when entrepreneurs observe an unemployment rate close to zero, they could
relax the labour shortage constraint by increasing investment that enhances labour productivity.
However, the adverse impact of climate change on labductpity, that takes place in our

model, makes it more difficult for the entrepreneurs to expect that more investment-in labour
augmenting technologies would relax the labour shortage constraint. Therefore, in the presence of
climate change, it is ldi&ely that firms will try to invest more in order to increase productivity

and reduce the employment tate.

Third, the scarcity of energy and material resources can dampen investment, for example because
of a rise in resource prices; and um capture the utilisation of energy and material resources
respectively. This impact, however, is highlylimesr: energy and material sgaraffects

investment only ondke depletion of the resources has become verg.seve

Fourth, in order to capture exogenous random factors that might affect desired investment, we
have assumed thet also depends on a random compongntthat follows a stochastic AR(1)
process. Overall, oimvestment function implies that demand declines (or stops increasing) when
it approaches potential output. This allows us to take explicit into account the environmental

supplyside effects on aggregate demand mentioned above.

Egs. (Jand (8) refer tthe secondstagef f i r msd i nvestment process
12=HD (7
12=1D-12 (©)

where » is the sharef green investment ) in overall desired investment (Ey. Desired

conventional ingtment (2 ) isdetermined as a residual (Bg. 8

The sharef green investmems determined as follows

11 Note, though, that our model takes into account the general role ofladpoenting technologies by using the
KaldorVerdoorn law in the determination of labour productivity.
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b= § +.b -,g8h_(ink ing) (1+sh)( vielg ;, vielgd ) 9

whereint. is the interest rate on conventional loang, is the interest rate on green loans,
yieldc is theyieldon conventional bondsijelds is theyieldon green bondsnd sk is the share

of loans in the total liabilities of firms (loans plus bonds).

Eq. (9) suggesthat the share of green investment is affected by two fatter8rst factor,

captured by the term, + b,, reflectsexogenous developments, such as the cost of installing and

using green capital relative to conventiagatat or institutional/policy changes that promote
green investment (such as carbon pritinghe second factorcaptured by the term
b,[sh_1(inte - intc )+ (1- sh.;)(yields.: - vielde.;)], reflects the borrowing cost of investing in green
capital relative to conventional capitath@sost of borrowing of green capital (via bank lending

or bondsdeclines compared to conventional capital, firms tend to increase green investment

As mentioned abovestained profits are not in general sufficient to cover the desired investment
expeaditures. This means that firms need eaxtdimance, which is obtaitheia bonds and bank

loans |t is assumed that firms first issue bonds and then demand new loans from banks in order
to cover the rest amount of their desired expendi@ngsa propdion of the demanded new

loans igrovided.In other wordsthe model assumes that there is a quantity rationing of credit.
This isin line with recent empirical evidence that shows that the quantity rationing of credit is a
more important driver of ma@oonomia@ctivity than the price rationing of creskie(Jakeand

Kumhof, 2015).

For simplicity, the bonds issued by firms are assumed to-yeaoeeupon bondsOnce they

have been issued at their par value, their market price aackyieternmed according to their

demand. Firms set the coupon rate of bonds based on their yield in the previous year. This means
that an increase in the market price of bonds compared to their par valuedealisas ¢éeir

yield, allowing firms to issue newdis with a lower coupon rate.

The pr opor t iredmvestrhenpwhich imftndediaberglgis given by

12 Future extensions of the model could include an explicit effect of carbon pricing on the share of green investment.
The model caalso inorporate the direct effect of carbon taxes on the profits of firms and the taxes collected by the
government.

13 This asumption, which does not change the essence of the analysis, allows us to abstract from complications that
would arise from having firms that accumulate bonds with different maturities.
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be =+ X€ (10)

Pc

be = b+ 21 (1)
Ps

whereb. is the number of conventional bonds, is the number of green bonds, is the
proportion of firms® convent i @fisahkpropogieniof ed 1 n\
f 1 r ms desirgd irevestment fundeid bonds,p. is the par value of conventional bonds and

pe is the par value of green bonds.

The proportion of desired investment covered by gre@onventionabonds is anegative

function of the bond yiel&ormally:

X1 = X0~ ¥qaYields.q (12)
Xo = o0~ Xp1Yields. (13)

wherex g, 1, Xo0 X27> 0.

We postulate a pricdearing mechanism in the bond market

(14)

(15)

I
gl 7|

where B, and B; dende the value of conventional and green bbetts by households and

central bankand pc and pg is themarketprice of conventional and green bomdspectively

Prices tend to increase whenéeeiseholds anckertral bank hold ahigheramount of corporate

bonds in their portfolioA rise in the price of bonds produces a decline in the bond yield, which
has two effects on firmsad icouponrsteombonds,.theiFi r st ,
profitability mproves increasing their desired investment. Seclowkr bond yiel@Wwhich can

result from a rise in bond pric@gjuces firms to increase the proportion of desired investment
covered via bond3his is crucial because firmeed to rely less on balekding in order to

finance their investmenthe disadvantage of bank lending is that, due to credit rationing, banks
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provide only a proportion of the loans demanded by firms. Accordingly, the less firms rely on
bank loans in order to finance their ddsimgestmenthte higher their ability to undertaker

desired investment

Based duwget donstrasiilenew loansiemanded by firnae determined as follows:

N2 =12 -6RP repls; sy Rs 1@ (16)
N2 =12 {1 b)RP reple, dkey -8 17)

where NL2 denotesthe desired ne green loansNL? denotesthe desired new conventional
loans L is the outstandingamount of green loang,. is the outstandingamount of

conventional loan\P denoteghe retained profits of firnad rep is the loan repayment ratio

Firms might default on their loakghen this happena part of their accumulated lo@ésot
repaid, deteriorating tfieancial positin of banksThe amount of defaulted loansL() is equal
to:

DL =defl (18)
whereL denoteghe total loasof firms.

The rate of defau(idef) is assumed to increase when fivetome less liquid. The illiquidity of
firms iscaptured by an illiquidity ratitig , which expresses the cash outflows of fietasive to

their cash inflow€ash outflows includeages, intereséxesloan repayments and mairtece
capital expenditures (which are equal to depreci@ast) inflows comprise ttevenues from
sales and the funds obtained from bank loans and the issuance offmdé$ault rate is a
nortlinear positive function afiq :

def= falig-18 (19)
g -

Eq. (19) suggesthat, as cash outflows increase compared to cash inflows, the ability@f firms
repay their debt declines.

17



24. The portfolio clamideconsumpdidmouseholds

Householdsvest their laggdohancial we#t (V,-_, ), which is a proxy for their expecte in

four different assets: government securiggs; (), conventional corporate bondg,(), green
corporate bondsBgy ) and dposits ©); ints is the interest rate on government securities and
intp IS the interest rate on depogitsthe portfolio choicezaptured by EqQ2q)}(23n),Go d | ey & s
(1999) imperfect asset ditbmbilityframework is adoptéti

SEG - 10+ /'10Dr 1 +/pgints+ /pyields ; +/5yields o +/y,inty+ /45 Yheg (20)
VhE-1 VhE-1

. . . . Y,
Ren - l 90+ I"20Dr g +/55ints+/ poyieldt g +/55yields o +/ 5,00ty + /25\/H7_1 (21)
HE-1 HE-1

. . . . Y,
Bon =130+ /'30Dr.1 + / 3qints+ / gpyields y +/ggyieldy g +/ 340Nty + /3502 (22
VhE-1 V-1
b . a0+ /"40Dr 1+ 4aints+/ poyieldk g +/ gayields g +/ 44intp+/ 45 Yh-1 (23n)
Vi1 VHE-1
D=D, %, € DSEG “p-Oby 8- 23
Househol dsd asset all ocati on i the gtbbali wamnmg by t h

damage We positthat damages affelsto u s e h o | d sahd inceasé thal precatitonary
demand for more liquid and less risksets (sedsoBatten et al., 2018ince damages destroy

capital and the profitability opportunitiégions, we assume that Bg increases, households

reduce their holding of corporatnventionabonds and increase the proportion of their wealth

held in deposits and government secynitigish are considersdfer® Second, assaliocation

responds to alterations in the relative rates on return. The holding of each asset relies positively
on its own rate of return and negatively on the other&masetsf return. Third, a rise in the

transactions demand for morey a resultfdigher expected incorfyg,_,), induces households

to substitute deposits for other as¥ets.

14The parameters in the portfolio choice equations satisfy thentabpzstical and symmetrgnstraints.

151t could be argued th#te demand for green corporate bonds is also affected negatively by the climate change
damages that harm firmsd f i nancisalght atdhe isame tnmduceHo wever ,
households to hold more green bonds in order to contribute to the restriction of global warming. Hence, the overall
impact of damages on the demand of green bonds uaaiFor this reason, assumehat /',,=0 in our

simulatios. Generallyit should be noted that the modelling of the effects of climate change on portfolio decisions is

a very challengingskagiven the lack of suitable data. Our formulation should therefore be viewed only as a first
attempt to model these danmagdeurther research on this topic is essential.

16 Note that balance sheedstrictions require that Eq30) must be replaced by E&3)(in the computer

simulations.
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Househol ds 6 c.g adjustad lopgtobabwarmihg damages, depends on lagged income
(which is a proxy for thexpected one) and lagged financial wealtl?4Eddowever, Eq.24)

holds only when there are no swgile constraints; in that case, C . If the overall demand

in the economy is higher than the sugptgrmined outputy’, consumption adjusts such that

the overall demand in the economy is belownote thatpr is slightly lower than 1. This is
shown in Eq. 25).

Cn=(aY1 *oVe 1)1 B 9) (24

c=cy if cy+1 & ¥;otherwisec = pr(y -G 1) (25)

25. Credit rationing and bank leverage

As mentioned aboveaiks impose credit rationing on the loans desdéydirms: they supply
only a poportion of demanded loarillowing the empuaal evidence presented in Lown and

Morgan (2006), the degree of credit ratidmitig on conventional loafsr.) and green loans
(cr,) relies on the financial health of both firms and banks. In particular, credihgat

increases as the debt service ddtfoms (dsr) increases,asthe bank leverage\) increases
relative toits maximumacceptablevalue ([\y®*) and as the capital adequacy r@tioR)

decreases comparedtsoninimumacceptablealue( CAR""); 8

+

CR. = rgeggcl.(levB_l - e (CAR, - CAR‘“”)§+ eer (26)
(; =
CRs :|§g§tl,(|ev3_l- eV ™) (CAR, - CAR““‘)§+ ecn @7

g -

As in the case of investment, we assume that crediintpi®ralso dependent on a random

compnent ec, that follows a stochastic AR(1) process.

The bank leverage ratio is defined as:

17The debt service ratio is defined as the ratio of debt payment commitments (uggyestipal repayments) to

profits before interest. Its key difference with the illiquidity ratio is that the latter takes into account the new flow of
credit.

18 |n our simulationghe maximunibank leverage and timénimum capitahdequacy ratare detrmined based on
theBasel lllregulatory framewark
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lev, =(lc #g SEG HPN)/ K (28)

whereSEG is the govemment securities that banks haoléM is highpowered moeyand K

is the capital of banks.

The capital adequacy ratio of banks is equal to:

CAR= Ky/gw (L +lo) % SEG (29

wherew, andwg are thaisk weights otoans and securities respectively.

We assume thaten the bank leveragdio becomes higher than its maximum value and/or the
capital adequacy ratio falls below its minimum ta&igovernment steps in and bailouts the
banking secton order to avoid a financial collapfbe bailoutakes the form of a capital
transfer. This means that it has a negative impact on the fiscal balance and the government
acquires no financial assetsa result of its interventi(gee Popoyan et al., 2017 for a similar
assumption)The bailout funds argueal to the amount that is necessary for thidrigasector to

restoreghe capital needed in order to comply with the regulatory requirements

26. Central ban&sd green QE

Central bankgleterminethe base interest ratprovide liquidity tacommercialbanks (via
advancesind buy government securities (acting as residual purchasers). Moreover, in the context
of QE programmes, they buy bonds issued by the firm sector. Currently, central banks do not
explicitly distinguish betwettse holdings of convennal and green bonds. HowevreQrderto

analyse the implications of a green QE programme, we assume that central banks announce
separately the amount of conventional band green bond purchas@he value of

conventional corporate bonds held be akbainks B.;) is:

Bece = %Be-1 (30)

wheres: is the share of total outstanding conventional bondsehialbanks desire to keep

on their balance sheet. Currently, this share is very low sinocgdinatec bond purchases of

central banks represent a very small gropaf the total bond market.
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The centr al banks® holBg4d)arggvenddy: cor por ate gr ee

Boce =S6B6-1 (32)

wheres; is the share of total outstandgrgenbonds thatentralbanks desire to keep on their

balance sheétVe assume that this share is currently equal to zero since central banks do not

implement green QE programmes.

The implementation of a green QE progree should not be viewed as a simple extension of the
current corporate sector purchase programme of central banks. The current corporate QE
programmes have as an aim to improve credit conditions in order to help central banks achieve
their inflation targe and they are meant to be of temporary nature. On the contrary, a green QE
would be a kind of industrial policy with a much leteger commitment. Hence, the decision of
central banks to conduct such a programme would requizersideration of themandate or

a different interpretation of their role in ensuring financial stability in economies that might face
increasing climatelated financial risks. This is especially the case for the central banks of high
income countries, which haverrowemandates and a more strictly defined irolsomparison

with the central banks of lamcome countrie&eeCampiglio et al., 2018)

3. Galibration, estimationand validation of the model

We have calibrateahd estimatethe DEFINE 1.0 modelemployingglobal data. Parameter
valuega have beerconometricallgstimated using panel déthave leen directly calibrated
usingrelateddata, previous studies or reasonedleesor (¢) have beerndirectlycalitbrated

such that the modehatches the in#l values obtained from the data or generates the baseline

scenarioTherelateddetails areeported imMAppendixA.*®

The model is simulated for the periode2BI20* The aim of the simulations is to illuminate the
longrun trends in thanteractions deveen the financial system and climate change. Hence, no

explicitattention is paid to shemin fluctuations and business cyttesur simulations we focus

19 The majority obur calibrations rely on data that refer to the global economy and the global ecosystem. For the
econometric estimatiornttgt have been made for our investment, consumption and fabductivity functions)

we have used panel data for a lsetgf countries which, however ednot cover the whole global econoimythe
econometric estimations the parameters have the expected sign and are statistically significant

20The R code ugdor the simulations is available upon request.
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on two specific sources of uncertaihiy:the uncertainty about the values of key paranteters t
capture the link between damages and the financial system; (ii) the uncertainty that stems from the
stochastic AR(1) processes included in the investnredit rationing functionk order to

deal withthe first source of uncertaintye conduct sensitivity analysis described in Section 4.

In order to tackle the second source of uncertaiatperforr200 Monte Carlo simulations and

we report the acrossn averages.

Qur baseline scenamsus umé @r epsaa rtwshlyah eachdeny € ib 1y e st s
continues to expand in broad line with recent trends, and ecological efficiency improves
moderately due to the continuation of technological changes and the implementation of some
policies that promote green investrieBame key featuresafr baseline scenario are shown in

Table 5. It is assumed that the economy grows on average at a rate slightly lower than 2.7% till
2050; in other words, we postulate an economic expansion a little bit lower than the one observed
over the last two decad®sso The unemployment rate remains, cgrayeclose t06% till

2050. Drawing on the United Nations @@bpulation projections (medium fertility variant), the
population is assumed to grow at a declining rate, becoming equal to around 9.74bn people
2050. Moreover, the default rate on corporate loans is assumed to remain, on average, close to its
current level, which is slightly highen #f.

Table 5:Key features of the baseline scenario

Variable Value/trend

Economic growth till 2050 slightly lower than 2.7% (on average)
Unemployment rate till 2050 slightly lower than 6% (on average)
Population in 2050 9.77bn

Labour force-to-population ratio in 2050 0.45

Default rate till 2050 slightly higher than 4% (on average)
CO, intensity in 2050 as a ratio of J@ensity in 2016 around 0.9

Share of renewable energy in total energy in 2050 around 25%

Material intensity in 2050 as a ratio of material intensity in 20E8ound 0.9
Energy intensity in 2050 as a ratio of energy intensity in 2016around 0.7
Recycling rate in 2050 as a ratio of recycling rate in 2016  around 1.4

Annual green investment in the period 2016-2040 around US$1.1tn

Energy use in 2040 as a ratio of energy use in 2016 around 1.4

Yield of conventional bonds quite stable till around 2050

Yield of green bonds declines slightly in the next decade or

21 A thorough investigation of all key sources of uncertainty is beyond the purpose of this paper.
22 Carbon pricing is implicitly consigéto be one of these policies.
23Based on data from World Bank.
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CGO; intensity (which captures the industrial emispemanit of fossifuel energy) declines by

10% till 2050, for example due to the continuation in the replacement of coal with gas and the use
of carbon capture and storage technolégidse share of renewable energy increases to about
25% till 2050 (fnm about 14% which is the current level), while energy intensity is assumed to
become approximately 30% lower in 2050 compared to @tdef26ll Material intensity and
recycling rate also improve. The overall improvement in ecological efficiency imglicators
associated with the accumulation of green capital. In our baseline scenario the annual green
investment during the period B@D40 is equal to around US$121The annual use of energy

is 4% higherin 2040 compared to 2/

We also assume thhe yield on the conventional bond market remains relatively stable till 2050,
while the yield of green bonds improves in the next decade or so. The latter is a result of an
increasing demand for green bonds that outstrips their supply, in line witheredeiisee, for
example, Climate Bonds Initiative, 2017).

We do not expect that the structure of the time series data in the next decades will necessarily be
the same with the structure of past time series. However, it is a useful exercise ttheompare
aute and crossorrelation structuref @ur simulated data with the obsereee in order to
check whether the model produces data with reasonakéeriesepropertiésThis is done in

Fig. 1. Figs. & show the autoorrelation structure of tlogclical component of tlsemulated

and observed timerges for output, consumptiomvestmentand employmenip to 20 lags.

Figs. 1elh show the correlation betwetdhe cyclical component oltput at timet and of

output, investmentonsumptiorand erploymentat timet-lag The series are expressed in logs
and the HodrickPrescottfilter has been used to isoldte cyclical componerithe simulated

data refer to the bass scenario and capture athlg period 2082080 in order to avoid the
signficantdisturbance® the data structurdisat are caused by climate change a®8ro2&q

when climatenduced bailouts start taking place

24For the importance of these factors in the determinatio@®gahtensity, see e.g. Peters et al. (2017).

25 Note that IEA (2016, p. 82) estimates that the annual investment in renewables and energy efficiency that is
necessary over the period 22080 inorder to avoid a global warming higher th@ti2 close tdJS$2tnRecall

that green rivestment in our model does not only incingestment in renewables and energy efficiency: it also
includes investment that improves material intensity and thegeayeli

26|n the Current Policies Scenario presented in IEA (2016) the energy use in 2040 is 43% higher compared to 2016.
27For similar validation exercises see Assenza et al. (2015) and Caiani et al. (2016).

23



Fig. 1 Auto-correlations and cressrrelatios of observednd simulated data
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The aito-correlation structure of our simulated data is similar to thecargtation structure of

the observed data. Moreover, simulated investment, consumption and employment appear to be
pro-cyclical, in tune with the empirical data, and tweirall croscorrelation with output
resembles the cressrrelation observed in the real d&tese results suggest that our model

generates data with empirically reasonable properties.

4. Climate change and financial stability

Let us first summarise the kdfe@s of climate change on economic variablesrri model

Climate damageagsduce(i) consumption and investment demgiith ous e h ol ds & de ma
conventional corporate bonds (increasing at the same time the demand for deposits and
government secugs),(iii) the labowdetermined potential output (which is affectetalbyur

productivity and labour force) afin) the capitatietermined potential output (which is affected

by capital stock and capital productivityand (ii) araffected by groskamagesniour baseline

scenario we assume that the gross damages are 50%=wt®nOn the other handjii) and

(iv) are affected by net damages, which ibaseline scenaaoe a relatively small proportion of
gross damage€limate damages also have a direct impact on the profitability of firms (since
profits are affected by economic growth and the clintateed depreciation of capi@hdthe

rate of capacity utilisatigsince the growth rate of output is not necessarisathe with the
growth rate of capitdletemined output). Both variables affect the desired investment of firms.
Moreover, climate change influences the rate of emplasin@nthe growth rate of output is

not necessarily the same with theuatletermied potential outpit

All these economic effects affect the stability of the financial eyttéeedback effects on the
environment. Fig. 2 summarises the main channels through which climate change and financial
stability interactFig. 3 plots the simlation resultsin the baseline scenai@O, emissions

increase significantly over the next decades (Fig. 3c). Thimaisty/igiven by the exponential
increase in outputueto positive economic grow{kig. 3a)the slowimprovement inenergy

effidciency andthe low share of renewable energy in total en@fagy ). Hence, CO;

28 Note that apacity utilisation is given ByY; , wherey, is the capitatietermined potential outpigqual to

capital productivity times capital sjankd employment rate is givengyy, whereyy, is the laboudetermined
potential outputgqual to labour productivity tislabour force
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concentrationn the atmosphere increases, leadisgvere global warmireg Fig. 3d indicates,

in 2100 temperature becorabsut4°C higher than prindustrial levefS

Fig. 22 Key hannels through whidfiimate changendfinancial stabilityteractn the model
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The rise in atmospheric temperature leads to climate change damages. Accordingly, the growth
rate of output starts declining (Fig. 3a). This slowdownonbra@ activity becomes more

intense after2060 when temperature passe&Q@* Declining economic growth and the
destruction of capital harms the profitability of firms (Fig. 3e) and deteriorates their liquidity,
which in turn increases their rate of defgig. 3f) and thereby increases the bank levatiage

(Fig. 3g) and decreases the capital adequacy Thdooverall result is an increase in credit
rationing, which feeds back into economic growth (Fig. 3a) and the profitability and liquidity of

29This increase in temperature in our baseline scenario is broadly in linessthtshef key IAM&ee Nordhaus,

2016. Note that the parameter values thahease used for the carbon cycle and temperature equations rely on the
recent updatesf the DICE (Dynamic Integrated Clim&eonomy)model by Nordhaus (201@hese updates
produce more pessimistic resabout the path of atmospheric temperature iretttedlecadeSee also Bovari et al.
(2018).

30 Note that in 210€he level of output in our baseline scenario is abouto®@compared to a scenario in which
there are no damages and economic growth continues to be close to its current level.

31 The impatof climate damages on bank leverage is in line with the empirical evidence reported in Klomp (2014),
which shows that natural disasters deteriorate the financial robustness [dbteatiiet. in our model the losses of
firms due to the climataduced dstruction of their capital stock are not covered bgotrernment or insurance
companies
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firms, giving rise to a vicious financial cycle. This also slows down the investment in green capital,
disrupting the transition to a kmarbon and more ecologically efficient economy. Crucially, at
some point in time the capital of banks becomes irentfficicover the regulatory requirements.

Thus, the government sector steps in and bailouts the banks with adverse effects on the public
debtto-output ratio (Fig. 3h)Note that theexponential increase in theblic debto-output

ratio is also exghedby (i) the reduction in tax revenues as a result of lower economic activity
and (ii) the fact that the inese in public ind#edness causes a cumulative increase in interest

payments that increases debt even further

Furthermore, climate damagéfect the liquidity preference of households. The destruction of
capital and the decline in the profitability of firms induces a reallocation of household financial
wealth fromcorporatebonds towards deposits and government securities, whidbéeared
muchsafer. his is shown in Fid. Theresult is a decline in the price of conventional bonds,
which leads to a substantial increase in theimyibkllast decades of our simulation period (Fig.

3j). This is an example of a climatkiced assegrice déation. Note that the exponential
increae in the yield of bonds the baseline scenapgamarily stems fronthe convexity of

damagess global warming becomes more sgiherelamages rise at an increasing rate

The yieldf green cporate bonds ad increaseis our baséte scenario, after the declméhe
first yeargFig. 3k). However, the main reason behindirtbisasds not the decline ithe
demand for green bonds liyuseholds. Thiacreasés primarily expined by the increase in the
supplyof green bonds sinakesiredgreen investment cortiowsly increases in our simulation
period (Fig. 3l)

Bond price deflation has negative effects on economic growth because it reduces both the wealth
related consumptioand the ability of firsito rely on the bondharket in order to fund their
desired investmentt also leads to less green investmetich affects advsely the

improvement in ecadical efficiency.
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Fig. 3: Evolution of environmental, macroaomic and financial variableaséne scenario arggnsitivity analysis
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(continued from the previous page)
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simulations and we keep thiaraex@sages. hsitivity ramgderived based anrthahinimum and maximum values of tharavegtee 8.cases
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How does the Iszline scenario change when key parameters are modified? Space limitations do
not allow us to explore this question in detail. Howeverpmgicta sensitivity analysis that
concentrates on they parameters that are related to the responsivettesgnaincial system

to climae damages. These incl{gethe sensitivity ofhe default rate to the illiquidity ratio

(dety), (ii) the sensitivity of cred#tioningto the debt service ratod firms, bank leveragand

capital adequag ratio(l,,!5,1 ,r »r 51 ,) @nd(iii) the parameters of the portfolio choice that capture

the sensitivity of the liquidity preference of households to the global warming damages
(710, 4o, 4b)- In the sensitivity analysis, thesmmeters increase or decrease by 50% compared to

their baseline values. As shown in Table 6, we consider &visigbesapture different
combinations in the percentage changma@meters (i), (i) and (ikpr each case, we run 200
Monte Carlo simulians and we keep the acrnss averages. The sensitivity range shown in Fig.
3 is derived based on thenualminimum and maximum values of the averages among the 8

cases.

The sensitivity analysis illustrates that the evolution of the default betek tlegerage ratio and

the yield of conventional corporate bonds is affected by the changes in the parameter values (see
Fig. 3f, Fig. 3g and Fig 3j). In particular, it turns out that the default rate increases (decreases)
more quickly when its sensiyivio the illiquidity ratio is higher (lower) compared to the baseline.

The same holds for the bank leverage ratio. In addition, the yield of conventional corporate bonds
declines more rapidly when the portfolio choice of households is more respotisnaeto c
change damagé$owever, despite the fact thiat parameter values affect the severity and the

time horizon of the climateduced financial instabilithe effects of climate change on financial

stability are qualitatively simifar

32 Note that if we allow our simulations to continue att2dthe share of renewable energy becomes at some point
in time very close to 1, which leads to al@erst industrial C@emissions. However, because of the inertia of the
climate system, atmospheric temperature continues to increase for many decades.
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Table 6: Values of parameters modified in the sensitivity analysis

Parameter Value inthe  Percentage change (%) compared to the
baseline baseline scenario
scenario

Case Case Case Case Case Case Case Case
I Il 1] \Y \ Vi VIL VI

Parameter of the default rate function (related to t 7.81 +50% -50% +50% -50% +50% -50% +50% -50%
sensitivity of the default rate to the illiquidity ratio o
firms) @ef)
Parameter of the function of credit rationing on gri2.08 +50% -50% -50% +50% +50% -50% -50% +50%
loans (related to the sensitivity of credit rationing t
default rate) {)
Parameter of the function of credit rationing on gri0.04 +50% -50% -50% +50% +50% -50% -50% +50%
loans (related to the sensitivity of credit rationing t
leverage ratio of banki))(
Parameter of the function of credit rationing on gri2.08 +50% -50% -50% +50% +50% -50% -50% +50%
loans (related to the sensitivity of credit rationing t
capital adequacy ratio of bankg) (
Parameter of the function of credit rationing on  2.08 +50% -50% -50% +50% +50% -50% -50% +50%
conventional loans (related to the sensitivity of cre:
rationing to the default rate)
Parameter of the function of credit rationing on  0.04 +50% -50% -50% +50% +50% -50% -50% +50%
conventional loans (related to the sensitivity of cre:
rationing to the leverage ratio of barnkg) (
Parameter of the function of credit rationing on  2.08 +50% -50% -50% +50% +50% -50% -50% +50%
conventional loans (related to the sensitivity of cre:
rationing to the capital adequacy ratio of banRs) (

Parameter of households' portfolio chdigg X 0.10 +50% -50% -50% +50% -50% +50% +50% -50%
Parameter of households' portfolio chdigg ( -0.20 +50% -50% -50% +50% -50% +50% +50% -50%
Parameter of households' portfolio chdigg 0.10 +50% -50% -50% +50% -50% +50% +50% -50%

5. Effects ofa green QE programme

In this section we analyse how our results change when a green QE programme is implemented.
We suppose that in 2020ral banks around the globe dethdethey will purchase @bof the

total amount ofjreen bonds and they commit themselves thaiiliekeep the same share of

the green bond market over the next decalles also assume th#te proportion of

conventional corporate bonds held by centrabhankains equal to its current |&vel.

33We find that theffects of a green QE programme do not differ significantly if we assume thdiasdsrstop
holdingconventional corporate bonds.
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Experimentation with various parameter values has shown that the parameter that plays a key role
in determining the effectivessof a green QE programme is the sensitivittheishare of

desired green investmenttihe divergence betwetre green bond yield and the conventional

bond yield(s,) 0 see Eq. (9)The higher thevalue ofb, t he mor e firmsd gr ee

responds t@ monetary policinduced decline in the yiedf green bond€onsequently, in our
simulations weonsider a green Qiaselinescenario whereby, is equal to its baseline value

but also some green QE scenarios in whjcis allowed to take a number of ealbelow and

above its baseline value.

The effects of the green QE programme are portrayed irtFipedgeen QE sensitivity range
captureiow the effects of a green QE programme are modified syheilmangesAs Fig. 4k

shows, gen QE boosts the price of green corporate haadscing their yiel@his has various
positive implications for climate change and financial stability. Regarding climatietchange,
first focus on the difference between the baseline scenario arekth@Ig§ baseline scenario.

The reduction in the green bond yield leads to a lower cost of borrowing for firms and a lower
reliance on bank lending. This increases overall investment, including green investment. M
importantly, since the yield of greendsodeclines relative to the y@ldonventional bonds

(Figs. 4j and 4k), the share of desired green investment in total investment goes up (Fig. 4l). As
firms invest more in green capital, the use of renewable energy increasesuiBignéb)y
effidency inproves This leads to lower G@missions and slower global warntiag what

would otherwise be the case.

34 Note that different values @f, would produce a different baseline scertdeioce, the baseline scenario in which
b, =1 is not directly comparable with the scemaréflected in the green (¥Ensitivityrange since in these
scenarios, isdifferent froml.
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Fig. 4: Effects of the implaentation of a green QE programme
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