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Climate change, financial stability and monetary policy

Abstract Using a stoekow-fund ecological maaoonomic model, we analyse (i) the effects of
climate change on financial stability and (ii) the financial and global warming implications of a
green QE programme. Emphasis is placed on the impact of climate change damages on the price
of financial assetnd the financial position of firms and banks. The model is estimated and
calibrated using global data and simulations are conducted for the perdid 20E6ur key

results arise. First, by destroying the capital of firms and reducing their profilahégite

change is likely to gradually deteriorate the liquidity of firms, leading to a higher rate of default
that could harm both the financial and thefifeancial corporate sector. Second, climate change
damages can lead to a portfolio realloc#ttiaihcan cause a gradual decline in the price of
corporate bonds. Third, financial instability might adversely affect credit expansion and the
investment in green capital, with adverse feedback effects on climate change. Fourth, the
implementation of a g&re@ QE programme can reduce clinradeiced financial instability and

restrict global warming. The effectiveness of this programme depends positively on the
responsiveness of green investment to changes in bond yields.
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Climate change, financial stability and monetary policy

1. Introduction

Climate change is likely to have severe effects on the sifltil@yfinancial syste(aee, for
instanceAglietta and Espagne, 2016; Batten et al.; 36aa et al., 201 7Two broad climate
related financial risks have been ident{@@dhdransition risksat have to do witthe repricing

of carbonintensve assets as a result of the transition tw-addoon economyb) thephysical
risksthat are linked to the economic dages of climateelated event§o far, most studies have
concentrated on the implications of transition risks (se€aebgpn Tracér Initiative, 2011;
Johnson2012pPlantingandScholtens2016Battiston et al., 20l 1.ess attention has been paid
to the detailed analysis of thieygqical risksThe investigationf these riskss particularly
important because it would help usausthnchow the financial system could be impairgb if
transition to a lowearbon economig very slow in the next deca@sd, consequently, severe

global waming is not ultimately avoided

In this paper, we develop an ecological macroeconomicthaidgheds light on the physical
effects of climate change on financial stafihigis called the DEFINE (Dynamic Egaenm
FINanceEconomy) model and is an extensiothefstockilow-fund model of Dafermos et al.

(20T). The latterelies on a novelnthesis ahe stockflow consistent approach of Godley and
Lavoie (2007) with the flefwund model of Georges®pegen (197kh. 9; 1979; 1984The

model is calibrated and estimated using global data and simulations are presented which illustrate
the effects of climate change on the financial system. We pay attention to the following key
channés. First, the increase in temperature and the economic catastrogldsbgaclimate
change could reduce tpeofitability of firms and could deteriorate th&hancial positian
Accordingly, debt defaults could arise which would lead to systemic bank lossekv&scond,
firm profitability combined witlglobal warmingelated damages can affect the confidence of
investors, inducing a rise in liquidity pesfee and a fire saletbéfinancial assetssued by the

corporate sector

1Seetheno d e | 6 swww.edmsnmotieéarg
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Dietz et al. (2016) have neity investigated quantitatively the physical impact of climate change
on the financial systefhey use a standard Integrated Assessmeet (IANM) and the climate

value at risk (VAR) framework. Assuming that climate change can reduce the dividend payments
of firmsand, hence, the price of financial assets, they provide various estimates about the climate
induced loss in the value of financial ss§atr study moves beyond their analysis in three
different ways. First, by relying on the sfloek consistent approach, we portray explicitly the
balance sheets and the financial flows in the financial sector. This allows us to modelthe climate
inducedtragility 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 asset portfolio choice
framework which grmits an explicit analysiSthe climatendued 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 finan@aketsThese implications am®t explicitly considerad the

model of Dietz et al. (201&yhereclimate damages do not have diversified effects on different
financial assets. Third, the financial system in our model haseutnahimpact on economic
activity: credit availability and the price of financial assets affect economic growth and
enployment. Accordingly, the interactions between economic performance and financial
(in)stability are explicitly taken into account. This is crucial since the feedback economic effects of
bank losses and asset price deflation can exacerbateinduncatifinancial instability (see

Batten et al., 2016Dn the contrary, @tz et al. (2016) utilise a neoclassical growth framework
where longun growth is independent of the financial structure of firms and baiskkaves

little room for theanalysis othe macroeconomic implication$ climateinducedfinancial

problems

Our simulation results illustraéibatin a business as usual sceméinmte change is likely to have
important adverse effects on the default of firms, the leverage of banks aoe tfidipancial

assetsRemarkablythis climateinducedfinancial instabilitgauses problems in the financing of
green investment disrupting the transition to acéstwon and more ecologically efficient

economy.

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

the potential use of monetg@glicy in tackling climate charjgee e.gViurphy and Hines, 2010;



Werney 2012;Rozenbergteal., 2013Anderson, 20138arkawi and Monnin, 2015; Campiglio,
2016 Matikaineret al.,2017 UN Environment Inquiry, 201¥onasterolo and Raberto, 20,18
we examine the extent to which a global green quantitative easingrd@&jnme could
ameliorate the financial distress caused by climate changegfamme involves the purchase
of greercorporatédbonds Thesimulationpresented about the effects of a greerp@Bramme

are of growing relevance since in a world oftelio@nge central banks might not be able to

safeguard financial stability without using new unconvetdmsah a prudential manner.

The paper asfollave.tSection @ présents the structure of the model and the key
equations that captureetinks between climate chanyeancial stabilitand monetary policy
Section 3 @scribes the calibration, estimationvatidation of the model. Sectioanblysesur
simulationabout the effects of climate changeh® financial system. Sectdiocuses oithe

impact ofa green QE programme. Secti@olcludes.

2. The model

The DEFINE 1.0model(verson: 09201jconsi st s of two big bl ocks:
that encapsulates the carbon cycle, the interaction between temperatandoandthe
flows/stocks of energy and matter and the evolution of ecological efficiency indicators; (ii) the
Omacroeconomy and financi al systemd Dbl ock th
sheet structure and the behaviour of househotds, fianks,entral banks and the government

sector

Firms produce one type of material good which is used for durable consumption and investment
purposes The matter that is necessary in fineducton processs either extracted from the
ground or come$rom recycling thelemolished/discarded so&@oonomic stock Energy is
produced by using both renewable and-rapawable sources. Production result€@a
emissions andaste A distinction is made between green and conventional capital. The higher
the use of green capital the lowerehergy and material intensity and the higher the recycling
rate and the use of renewables.

2The socieeconomic stock includes capital goods and durable consumption goods.
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Firms invest in conventional and green aalpjt using retained profiklsansand bondsBanks
impose credit rationing onrrfi loans. This means that they play an actike in the
determination of output and the accumulation of green capital. Housebkelds labour
income, by durable consumption goods and accumulate wealth in the form of ,deposits
corporate bonds argbvenmentsecuritiesThere are no househdthns. Commercial banks
accumulate capitahddistribute part ofheir profits to household8entral banks determine the
base interest rate, provide liquidity to the commercial banks and purchase g®esuitignt

and corporate bonds. Governments collect taxes and conduct fiscalnfiation. has been
assumed away and, $implicity the price ofgyoods is equal to unity. We Ukkdollar ($) as a

reference currency

The &eleton of the model is captut®dfour matrices:

(1) The physical flomatrix (Table 1) which pagsthe inflows and the outflows of matter and
energy that take place as a result of the production piidee$stst Law of Thermodynamics
implies that energy and matter cannot ladecrer destroyedhis is reflected in the material and

energy balance.
Table 1:Physical flow matrix

Material Energy
balance balance

Inputs

Extracted matter +M

Renewable energy +ER
Non-renewable energy +CEN +EN
Oxygen +02

Outputs

Industrial CQemissions -EMIS)\

Waste -W

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

Total 0 0

Note: The table refers to annual global flows. Matter is measured in Gt and energy is measured in EJ.



(2) The physical stodlow matrix(Table 2) wich presents the dynamic changenaterial and

nonrenewable energy reserves, the atmosphesica@Centration, the soesmonomic stock

and the stock of hazardous waste. The first row of the matrix shows the stocks of the previous

year. The last row gsents the stocks at the exidhe current yeaAdditionsto stocksare

denoted by a plus sign. Reductafrstocksare denoted by a minus sign.

Table 2:Physical stoeflow matrix

Material ~ Non-renewable Atmospheric CQ Sodo-economi  Hazardous
reserves  energy reserve concentration stock waste
Opening stock REV M1 REVE 1 CO271 SES; HWS
Additions to stock
Resources converted into reserves +CONV y +CONV g
CQO, emissions +EMIS
Production of material goods +MY
Non-recyded hazardous waste +hazwW
Reductions of stock
Extraction -M -EN
Net transfer to oceans/bioshpere +(F11- 1)CO2a7.1 +£21CO20p.1
Demolished/disposed material goods -DEM
Closing stock REV y REV e CO2at SES HWS

Note: The table refers to annual gleal ftvdkatter iseasured in Gt and energy is measured in EJ.

(3) The transactions flow matfikable 3) whickhows the transactions that take place between

the vaious sectors of the econoryflows are denoted by a plus sign and outflows are denoted

by a minus sign.

(4) The balance sheet maifDable 4which includethe assets and the liabilities of theosect

We use a plus sign for assets and a minus digbifiies



Table 3: Transactions flow matrix

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

Consumption -C +C 0
Government expenditures +G -G 0
Conventional investment +l ¢ -lc 0
Green investment +l g -lg 0
Wages +wiN -wiN 0
Taxes T Te +T 0
Firms' profits +DP -TP +RP 0
Commerdal banks' profits +BPp -BP +BPy 0
Interest on deposits +intpD -intpD 1 0
Capital depreciation - AK + K 0
Interest on conventional loans -intcL c1 +intcl c1 0
Interest on green loans -intgl g1 +intgl g1 0
Interest on conventional bonds +coupafbep-1 -coup@yioc +coupafbecsa 0
Interest on green bonds +coupagbgns  -coup@ibg. +coupagbecea 0
Interest on government securities  +intsSECy.; +intsSECg1 -intsSEC +intsSECcp1 0
Interest on advances -inta A +intaA 1 0
Central bank's profits +CBP -CBP 0
Bailout of banks +BAILOUT -BAILOUT 0
l'deposits -1 D +! D 0
l'conventional l oans + ! g - d 0
l'green | oans + 1 g - d 0
l'conventional bonygshky +pc! ke oc! keg O
lgreen bonds pe! ey +pe! I P! ee 0
l'government secur-iltggs -1 SEC +! SEC -1 SEC 0
l'advances +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

Note: The taebiefers to annual §mhal trilionUSS$.



Table 4: Balance sheet matrix

Households Firms Commerdal Government Central Total
banks sector banks

Conventional capital +K¢ +K ¢
Green capital +Kg +Kg
Durable consumption goods +DC +DC
Deposits +D -D 0
Conventional loans -Lc +L ¢ 0
Green loans Lg +L g 0
Conventional bonds +pcben -pcbe +pcbees 0
Green bonds +pgbeH -Pcbs +pebece 0
Government securities +SECy +SECp -SEC +SECcg 0
High-powered money +HPM -HPM 0
Advances -A +A 0
Total (net worth) +V oy +V e +Kpg -SEC +V cs +K¢ +Kg +DC

Note: The tabrefers to annual globahstioiiksU S5.

The model extends the modeleleped by Dafermos et al. (204y including a bond market,

central banking, the government sector, householdlipodifioice 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 monetary policy. The full list of
equations is reped in Appendix A. Additional details about the foundations of the model and
the justification of the equations can be found ierbafs et al. (2017

2.1 Emissions and climate change

The equations about emissioand climate change draw NWardhaus (2016). Every year

industrial CQemissionsgEMIS, ) are generated due to the use ofreaewable energy sources

(EN):

EMISy = UEN (@)

where w is the CO; intensity, defined as the inuliad emissions produced per unit of non

renewable energge

Every year landse CQ emissionsEMIS ) are also generated because arigds in the use of

land (Eq. 2 These emissions are assumed to decline exogenouslyirat a rate



EMIS = EMIS..(L- Ir) 2

Total CO,emissionsEMIS) are given by:

EMIS= EMISy +EMIS ©)

The carba cycle, represented by Eqgs(®1)shows that every year there is exchange of carbon

between the atmdspre and the upper ocean/biosphere and between the uppéoiosphere

and the lower ocedn. particular, we have:

CO2xr = EMIS+f1CO27-1 + F21CO20p-1 @
CO2up = LCO2a7-1 +F2C02p. 1+ F3C02 0.1 (5)
CO2, 0 = F8C02p.1 +F3LC0O2 0.1 (6)

where CO2,7 is the atmospheric GQoncentration,CO2yp IS the upper ocean/biosphere £O

concentration ando2,, is the lower ocean GEoncentration.

The accumulation of atmospheric.@ad other greenhouse gases increases radiative(foycing

as follows:

CO2at
CO2x7- PRE

+ Fex (7)

F = Fxcoz2lon

whereF, o, IS the increase in radiative forcing (since th@dwstrial period) due to doubling
of CO, concentratiorirom preindustrial levelso02 ;. mre )- FOr simptity, the radiative forcing

due to norCO, greenhouse gas emissians ) is determined exogenously:

FEX = FEX—1+ fex (8)

where fex is the anual increase in radiative forcing (since thagtustrialperiod due to non

CO; agents.

As shown in EqQ. (9), the rise in radiative fgrglaces upward pressuresabmospheric

temperatur€Tar):



o

9

a F
Tar =Tar-1 +tha# - %TAT-l' tZ(TAT—l' TLO-l)

wheres is theequilibrium climate sensitivitye.theincrease in equilibrium temperature due to

doubling of CQ@concentraon from preindustrial levels.

The tempeature of the lower oceaTso ) isgiven by

Tio =Tio-1 +ta(Tar-1- Tio.1) (10
2.2.Green capital, energy iatahsitgwable energy

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

following logistic function:

max in
max e - em

= - 1
e=¢€ 1+p5e'p6(KG/KC) ( 1)

wheree is energy intensity ar®* and ™ are, respectively, the maximum and the minimum
potential values of energy intensity. As the ratio of green @ap)téd conventional capital

(Kc) increases, energy intensity goes dotmuse of the logistic function implies thas t
installation of green capital (relative to conventional capital) initially generates a slow
improvement in energyntensity. Kwever, as installation expands further, the improvement
reaches a talaf point dter whid energy imnhsity improves much more rapidly due to the
learning obtained from installation experience and the overall expansion of green capital
infrastructureFinally, as energy intensity approaches its potential minmprovement 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

g1 (12

- 1+ pre ps(Ka/Kc)



By definition, the maximum potential valugyaé 1 Note that in Dafermos et al. (2D1f7e
formulation of the links between green capital and ecological efficiency indiogbaes
different since itloes not rely on logistic functionghe use of logistic functions in fhesat
modelallows for a more realistepresentation that takes into account the processes of {earning
by-doing and learnidgy-installation whitplay a keyole in the diffsion ofnew technologies.

2.3.Output determination and damages

Eq. (13 shows ar Leontieftype production function:

v = mirYg, e e Y5) 13

where Y* is the potential output. The potential outpsitthe minimum of(i) the matter
determined potential output,() which deperslon materlaeservedji) the energgetermined
potential output ¥z) which is a function of nelenewable energy reser\@s, the capital
determined potential output,() that relies on capitstiock andtapital produétity, and(iv) the

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

The actual outputy() is demandetermined. Aggregate demancedsial to consumption

expendituregc ) plus investment expenditufe$ plusgovernment expenditures )¢

Y=C+1+G (19

However, émand is not independent of supply. Wieapproachey”, demandtends to

decline due tsupplyside constraint@his is achieved via our investment function described
below.

Output determination is affect by climate change as follayabal warming causes damages to

capital stockral capital productivity, decreasiig it also causes damagesatmwur force and

labour productivity, reducing, (see Dafermos et a2Q17and the referens¢herein).These

damages (a) deteriorate the expewstabf households and firms, reducing consumption and

10



investment, and, hem aggregate demamahd (b) increase the scarcity of capital and labour

placing dowward pressures on aggregate dewiarttie supply constraints

Eq. (B) is the damage functiowhich shows how atmospheric temperature and damages are
linked:

Dr =1 1 (19

L+MTar +h5Tar? +hgTar® 7>

Dr is the proportional damage which lies between 0 (no damage) and 1 (complete catastrophe).
Eq. (Bb) has ben proposed by Weitzman (201the variableD; enters into bdt (i) the
determination of capital and laband their productivities and (ii) the consumption and

investment demanbh our baseline scenario we assumeithato.5 whenT =6°C .*

2.4.The financing of investment

Firmsd i nvest menistage procése Atra dirkt stage, irmsadecida their averall
desired investment in both green and conventional capital. At a second stage, they allocate their

desirednvestment betweehd two types of capital. Eq. ) téptures the first stage:

aar ¢ - - - g 8
|D :??'1"’.1,ge_l,uf.l,uel,um1§|<.1+9|K-1+0K-1g1' DT'l) (16

Desired investment ), adjusted fothe damage effect, is givenngy investment plus the
depreciated capitat is the depreciatiorate of capital stockNet investment is affected by a
number of factors. Firstolfowing the Kaleckian approa@ee e.g. Blecker, 2002Hepends
positivelyon the rate of (retained) profits) and the rate of capacity utilisatfoi. The impact

of these factors is assumed to belim@ar in general line with the tradition that draws on Kaldor
(1940). This means thahen the profit rate and capacity utilisation arelaxergr very high
their effects on investment become rather .sgemibnd nvestment is alson@gativéunction of

the growth rate of energy intensiy)( This capturethe rebound effeclinked to the fact that

firms nvestmore wken energy intensity declinegice energy costs down This higher

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

4 Our damage function captsréhe aggregate effects of climate change. For a damage function that considers
explicitly the heterogeneity of climate shocks across agdramset et al. (2017).
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investment increases the use of energy, partially offsetting the positive effects of energy efficiency
improvements.Third, following Skottand Zippere(2012)we assume a ndinear impact of
unemployment ta(ur) on investment: when unemployment approaches zero, there is a scarcity
of labour that discourages entrepreneurs to inVh&. means that, by reducifapour
productivity andabour force (and, henceeamployment), climate change bawe a negative
impact on investmentourth, the scarcity of energy and material resources can dampen
investment, for example becanisa rise imesource pricesie and um capturehe utilisation of

energy and material resources respeclivedyimpact, however, is highly #ioear: energy and
material scarci@gffects investment only when the depletion of the resources has become very
severe. Fifthniorder to capture exogemsa@andom factors that might affect desireéstmvent,

we have assumed that also depends on a random componentthat follows a stochastic

AR(1) processOverall, our nvestment function implies that demaretlides (or stops
increasing) when it approaches potential oufpig allows us to take explicit into account the

environmental suppside effects on aggregate denmaewtioned above

Egs. (1Yand (18) refer tthe second stagef f i r ms ocessve st ment pr

12 =hiD 17
12=1p-12 (18

where 4 is the sharef green investment ) in overall desired investment (Eq). 1Desired

conventional investmentY) isdetermined as a residual (EqQ. 18

Eq. (19 shows thathe sharef green investment depends on tihaeeors:

b=bo+b- bofsh a(ints- intc)+(L- sh_1)yields. - yields.1)|+ £sDr.1 (19

whereint. is the interest rate on conventional loang, is the interestate on green loans,
yieldc is theyieldon conventional bondsijelds is theyieldon greerbondsand sh is the share

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

The first factorcaptured by the term, + 5, reflects exogenousstitutional or technological

developments that affect the investment in green cépaadecond factaraptured by the term

5For a description of the reboueffects see Barker et al. (2009).
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by[sh.1(ints- intc )+ (1- sh_1 )(yields.; - yielde.1 )], reflectshe borrowing cost of invirsg in green

capital relative to conventional capitalthe cost of borrowing of green capital (via bank lending

or bonds)declines compared to conventional capital, firms tend to increase green investment
Finally, we posthat climate change damagesl to morgreen investmestnce these damages
induce firms to increase mitigation and might lead governments to adopt stricter regulation

against the investment in conventional capital

As mentioned abovestained profits are not in general suffid@icover the desired investment
expenditures. This means that firms need ekferance, which is obtatheia 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 ofeih desired expenditur€@nly a proportion of the demanded new

loans igprovided.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 isf @red

more important driver of macroeconomtivity than the price rationing of creskie(Jakeand

Kumhof, 2015).

For simplicitythe longterm bonds issued by firms are nessie e med. The proport

desied investment which is fundad bonds is given by

D
b =he.y +4C (20)
Pc

D
b =ho.1 +22S (2))
Pc

where b is the number of conventional bonds, is the number of green bonds, is the
propor ti onventidnal desiredchirsséstmenbfinanced via boads,theproportion of
f 1 rgreendesired investment fundeid bonds pc isthe price of conventional bonds amgl

is the price of green bam

The proportion of desired investment covered by gre@onventionabondsis anegative

function of the bond yiel&ormally:

X =X - XqqYields ; (23
Xp = Xo0 = Xo1Yields (23

13



We postulate a pricdearing mechanism in the bond market

(24)

Bc

be

_Bo 25
Po =12 ()

where B, and B; denote the value of conventional and green Wwidsby households and

central banksPrices tend to increase whenéwauseholds andentral baks hold ahigher

amount of corporate bonds in their portfoRorise in the price of bonds produces a decline in

the bond yield, which has two ef flaerintesreson f i r
rateon bonds, their profitability impres increasing their desired investment. Seedoder

bond yieldwhich camesult from a rise in bond pricegjuces firms to increase the proportion

of desired investment covered via bomtis iscrucial because firmged to rely less on bank

lending in order to finance their investmértie disadvantage of bank lending is that, due to

credit rationing, banks provide only a proportion of the loans demanded bicfiordingly,

the less firms rely on bank loans in order to finance their desastthant e higher their

ability to undertakiher desired investment

Based duwget donstramitfie new loans are determined as follows:

NL2 =18 - bBRP+replg.1- Ke.1- pels (29
NLR =12 - (1- b)RP+reple.1- dKc.1- pelhe (27

where NL2 denotesthe desiré nev green loansNL2 denotesthe desired new conventional
loans L is the outstandingamount of green loang,. is the outstandingamount of

conventional loarend RP derotesthe retained profits of firms.

Firms might default otineir loansWhen this happena part of their accumulated lo@sot
repaid, deteriorating thimancial position of bankBhe amount of defaulted loatbL) is equal
to:

DL =defL, (29

whereL denoteghe total loasof firms.

14



The rate of defau(tdef) is assumed to increase when firms become less liquid. The illiquidity of
firms iscaptured by an illiquidity @tilliq , which expresses the cash outflows of fiefasive to

their cash inflow€ash outflows includeages, interesaxesloan repayments and maintenance
capital expenditures (which are equal to depreci@ast) inflows comge therevenues from

sales and the funds obtained from bank loans and the issubordsofhe default rate is a

nortlinear positive function dfiq :

o

(29

def= 8liq-1

g 0
Eq. (29) suggestsat, as cash outflows increase @ethto cash inflows, the ability of fitms
repay their debt declines.

2.5.The portfolio choice of households

Householdsnvest their expected finanomrgalth ¢,- ) in four different assets: government
securities $EG; ), conventional corporate bon(@Bcy), green corporate bondsg() and
deposity D); ints is the interdsrate on government securities angd is the interest rate on
depositsin the portfolio choicecaptured by Egs. (383n),God|l ey ds (1999) [
substitutabity framework is adoptéd

SEG _ 110+ /'10Droq +/qqintg+/pyielde y +/,gyields y +/4intp+ /45 i1 (30
A A
. . . . Y,
Bon - l 20+ 1"20Dr.1 +/ p1ints+/ yoyielde_y +/ 5zyields g +/ 54inty + / p5—H-2 (31
HF -1 Vir-1
. . . . Y,
VBGH =139+ /"3oDr.q +/5intg+ /:az)/'e|d:-1"'/:’,3)"e|dc;-1"'/34”"%)"'/35\/'4_l (32
HF -1 HF -1
D _ , . . . . Yoy-1 3
=1 a0t "aoDr g+ gaints+/ poyielde_ g +/ zyields 1 +/44intp+/ 45 (33)
HF -1 A/
D=D.;- C- [BEG - pclxh - pelheH (X3)
Househol dsd asset all ocation is driven by

damage We positthat damages affelsto u s e h o | d sahd iceasé thel precatitonary

6 The parametein the portfolio choice equations satisfy the horizemetdical and symmetrgnstraints.
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demand for more liquichd less riskgssets (sedsoBatten et al., 20168ince damages destroy

capital and the profitability opportunities of firms, we assume thatiasreases, households

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

held in deposits and government securities which are consaderefiecond, asset allocation

responds to alterations in the relative rates on return. The holding of each asset relies positively
onitsownrate ofremr and negatively on the other asset
transactions demand for money (as a result of higher expected income) induces households to

substitute deposits for other as$ets.

2.6.Credit rationing and bank leverage

As mentoned above,dnks impose credit rationing on the lamanddby firms: they supply
only a poportion of demanded loarillowing the empirical evidence presentédwn and

Morgan (2006}he degree of creditioningboth on conventional loaKsr.) and green loans
(cr,) relies on the financial health of both firms and banks. In particular, credihgat
increases as the debt service odtiioms (dsr) increasedasthe bank leverage) approaches
its maximumacceptablealue vg®) and as the capital adequacy f&iKR) approaches its

minimumacceptablealug(CAR"™): ¥

+

CR. = rgggrl,(levB_l - levi™)(CAR, - CAR“‘“)§+ ecr (34)
(; -
CR; = I%Igtl,(levB_l - levi™)(cAR, -_CAR“"‘)§+ ecn (35)

g -

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

commnent e, that follows a stochastic AR(1) process.

7 It could be argued th#te demand for green corporate bonds is also affected negatively by the climate change
damages that har m f i evenscimaté chargen dansamdght at dhe isame tnme.indudeo w
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 guauawiFor this reason, assumehat ;+,,=0 in our

simulations.

8 Note that balance sheestrictions require that Eq. (33n) must be replaced by Hg. (8 computer simulations.

9 The debt service ratio is defined as the ratio of debt payment commitireatt (ilus principal repayments) to

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

10|n our simulationghe maximunbank leverage and titnimum capitahdequacy tia are determined based on
theBasel lllregulatory framewark
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The bank leverage ratio is defined as:

lews = (Lc + Lg + SEG + HPM)/Kg (36

where SEG is thegoverment securities that banks ha#eM is highrpowered monegnd Kg

is the capital of banks.

The capital adequacy ratio of banks is equal to:

CAR=Kg/[wL(Lc +Lc ) +WsSEG] (37

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 itsnnum valuethe government steps in and bailouts the
banking sectoin order to avoid a financial collap§be bailout takes the form of a capital
transfer. This means that it has a negative impact on the fiscal balance and the government
acquires no fimeial assetas a result of its interventiofihe bailout funds are equal to the
amount that is necessary for thekivay sector to restotbe capital needed in order to comply

with the regulatory requirements

2.7.Central ban&sd green QE

Central baks determinethe base interest ratprovide liquidity tocommercial bankévia
advancesind buy government securities (acting as residual purchasers). Moreover, in the context
of QE programmes, they buy bonds issued by the firm sector. Currentlypbaakgao not

explicitly distinguish betwettye holdings of conventional and green bdtholseverjn orderto

analyse the implications of a green QE programme, we assume that central banks announce
separately the amount of conventional band green bw purchasesThe value of
conventional corporate bonds held be central bapkg (s:

Bees = SBe-1 (38
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wheres. is the share of total outstanding conventional bondseth@ilbanks desire to keep

on their balance sheet. Currently, this share is very low since the corporate bond purchases of
central banks represent a very small gropaf the total bond market.

The centr al banks® holBdj)argmenbyf cor porate gree

Bece = SsBs-1 (39

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.

3. Calibration, estimationand validation of the model

We have calibrateaihd estimatethe DEFINE 1.0 modelemployingglobal data. Parameter
valuega have beerconometricallgstimated using panel datah@ve leen diectly calibrated
usingrelateddata, previous studies or reasonable range of, wl(eshave beenndirectly
calibratedsuch that the modetatches the initial values obtained from the data or generates the

baseline scenarithe details are reportedAppendix B and Appendix C

The model is simulated fie period20152115 The aim of the simulations is to illuminate the
longrun trends in thenteractions between the financial system and climate change. Hence, no
explicitattention is paid tshot-run fluctuations and business cy@asce the model includes
some stochastic processve perforn200Monte Carlo simulations and we report the aonoss

averages.

In the baseline scenario (see Tapleebassume that teeonomy grows on average aate
slightly lower thaB.7%till 2050; in other wordgje postulatean economic expansion a little bit
lower than the one observed othex last two decades or so. Dravanghe United Nations
(2015)population projections (medium figst variant) the populatioms assumed to groat a
declining ratebecoming equal to around @@ people in 2050The improvement in the
ecological efficiency indicators is quite modest: for exdnepkhare of renewaldaergy is
increased to about %8till 2050 (from about 14% which is the current level), wdnkergy
intensity imssmed to become approximatelyadbwer h 2050 compared to its 2015 IeVié
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improvement in ecological efficiency is associated with the accumulation of green capital. The
cumulaitve green investment fra2@15 to 2050 equals around U8$4AKe also assume that in

the baseline scenario the price index in the conventional bond market remains relatively stable till
2050, while the green bond price index improves in the next desadasoa result of an
increasing demand for green bonds.

Table 5:Baseline scenario

Variable Value/trend

Economic growth till 2050 slightly lower than 2.7% (on average)
Unemployment rate till 2050 around 6% (on average)

Population in 2050 9.77bn

Labour force-to-population ratio in 2050 0.45

Share of renewable energy in total energy in 2050 around 18%

CO, intensity in 2050 as a ratio of J@ensity in 2015 around 0.9

Material intensity in 2050 as a ratio of material intensity in 20Esound 0.9
Energy intensity in 2050 as a ratio of energy intensity in 2015around 0.75
Recycling rate in 2050 as a ratio of recycling rate in 2015 around 1.4

Default rate till 2050 slightly higher than 4% (on average)
Cumulative green investment till 2050 around US$47tn

Cumulative conventional investment till 2050 around US$828tn

Price index of conventional bonds quite stable till around 2050

Price index of green bonds increases slightly in the next decade o

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 times series. However,defal @&xercise to compare the
aute and crossorrelation structuref @ur simulated data with the obsereee in order to
check whether the model produces data with reasonakderigsepropertiésThisis done in
Fig. 1. Figs. & show the autoorrelation structure of the cyclical component o§itnelated
and observed timersss for output, consumptiomvestmentand employmenip to 20 lags.
Figs. 1elh show the correlation betwedre cyclical component oltput at timet and of
output, invetment,consumptiorand employmerdt timet-lag The series are expressed in logs
and the HP filter has been used to isothte cyclical componefthe simulated data refer to the
basdhe scenario and capture oty period 20123050 in order to avoithe signficant
disturbanceto the data structurélat are caused by climate change after 2080 the2’C
threshold is passed.

11 For similar validation exercises see Ass¢rté2015) and Caiani et al. (2016).
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Fig. 1 Auto-correlations and cressrrelatios of observe@nd simulated data
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The autecorrelation structure of our simulated data is similar to thecaugtation structure of

the observed data. This is especially the case for the strumiuigtilated output which looks
remarkably close to the empirically observed structure. Moreover, simulated investment,
consumption and employment appear to be&yxlical, in tune with the empirical data, and their
peak behaviour resembles the behawvioserved in the real data. These results suggest that our

model generates data with empirically reasonable properties.

4. Climate changeand financial stability

Fig. 2summarises the maihannels through whictimate change and financial stalitgract
Fig. 3 plots the simulation resulta the baseline scenaf@®, emissionsncrease significantly
over the next decades (Fig). 3his rise ignainlydriven both by the exponential increase in
output due to positive economic growtlrig. 3a) 1ad the very slowmprovement inenergy
efficiciency anthe share of renewable energy in total er{fE€igyd). Hence CO.concentration

in the atmposphere increases, leadirggvere global warming Fig. 3d indicates) 2100
temperature becomabout4.2°C higherthan the préndustrial levef$

The rise in atmosphetiemperature leado climate change damages. Accorditighgrowth
rate of output starts dethg (Fig. 3a) This slowdown of economactivty becomes more
intense after the midf the 25t centurywhen temperature passé€. Declining economic
growthand the desctrtion of capitaharms the profitability of firn{&ig. 3eanddeteriorates
their liquidity which in turn inceeses therate of default (Fig. )3&nd herebyincreaseghe bank
leverage (FiggBand decreases the capital adequacy®ratie overall result is an increase in
credit ationing which feeds back ismonomic growtfFig. 3agnd the profitability and liquidity
of firms, giving rise to wciousfinancal cycleThis alsoslows down the ingénent in green
capital, dimipting the transition to a leearbonand more ecologically efficieztonomy.
Cruciallyat some point in time the capital of banks becomes insufficient to cover the regulatory
requiremets. Thus, he government sector steps in laaatbuts the banks with adverse effects on
the publiadebtto-output ratio(Fig. 3h)

12 This increasén temperature in our baseline scenario is broadly in line with the results ofgkagdinte
assessnent models (see Nordhaus, 2016

13 The impact of climate damages on bank leverage is in line with the empiricarepaltadie Klomp (2014)
which shows that natural disastiateriorate the financial robustness of banks.
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Fig. 2 Channels through whiclimate changendfinancial stabilityteractn the model
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Climate damagessoaffectthe liquidity preference of households. The destruction of capital and
the decline in the profitability of firms induces a reallocation of household financial wealth from
corporatebonds towards deposits and government securities, whielermesnmuch sadr. This

is shown in Figd. The result is a decline in the price of corpooateentionabondsin the last
decades of our simulation period (Fig. 3j). This is an example of arnducate asserice
deflation. Tie price of green guorate bonds aldalls in our baseline scenario, after the increase

in the first year@Fig. 3k). However, the main reason behind this fall is not the decline in the
demand for green bonds from households. This fall is primargpexkply the increase in the
supplyof green bonds sinaesiredgreen 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 firsto rely orthe bondmarket in order to fund their
desired investmerit.also leads to less green investment which affeetsedygthe improvement

in ecol@ical efficiency.
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Fig. 3: Evolution of environmental, macroaomic and financial variableaseline scenarandsensitivity analysis
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How does the baseline scenario change when key parameters are rpad#éididit&ions do

not alow us to explore this question in detail. Howeveconducta sensitivity analysis that
concentrates on theey parameters that are related to the responsivettesdimmdncial system

to climae damage§) the sensitivity dhe default rate to thiiquidity rati (ii) the sensitivity of
creditrationingto the debt service rawd firms,bank leveragend capital adequacy raio) the
parameters of the portfolio choice that capture the sensitivity of the liquidity preference of
households tthe global warming damagesSensitivity Test | the values of these parameters

are 50% higher compared to the baseline scenario. In Sensitivity Test Il they are 50% lower.

As expectedthe default rate increases (decreases) qunandy when its sensvity to the
illiquidity ratiois higher (loweQompared to the baseline (Fig. Bhe same holds for the bank
leverage ratifFig. 39. Also, the price of green corporate bonds declines more rapidly when the
portfolio choice of households is more oespreto climate change damages (kK)gQverall,

the effects of climate @hge on financial stability gtalitatively similar but the parameter values

affect the severity and the tinmizonof the climatenduced financial instability.

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 2020cal banks around the globe dethdd they will purchase®f the
outstanding green bonds and they cortirainselves that thevill keep the same share of the

green bond market over the next decalfeslso assume thtte proportion of conventional
corporate bonds held by central banks remains equal to its currént level.

Experimentation with variouanameter values has shown that the parameter that plays a key role
in determining the effectivessof a green QE programme is the sensitivitthefishare of
desired green investment to the divergence betiweegneen bond yield and the conventional

bondyield(5,) 0 see Eqg. (19)The higher thevalue of6, t he mor e firmsd gr ee

responds t@ monetary policinduced decline in the yield of green bo@dasequently, in our

14 We find hat theeffects of a green QE programme do not differ significantly if we assume that central banks stop
holdingconventional corporate bonds.
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simulations weonsider a greeQE scenario whereby, is equal to its baseline value and

another green QE scenario in which a more optimistic vadyescissumed.

The effects of the green QE programme are portrayed in Fig. 4. Asdhigwdkgreen QE

boosts the price of green corporate bonds. This has various positive implications for climate
change and financial stability. Regarding climate change, the resulting reduction in the green bond
yield leads to a lower cost of borrowing fiond and a lower reliance on bank lending. This
increases overall investment, including green investment. More importantly, since the price of
green bonds increases relative to the price of conventional bonds (Figs. 4j and 4k), the share of
desired greemvestment in total investment goes up (Fig. 4l). As firms invest more in green
capital, the use of renewable energy increases (Fig. 4b). This leads to, EwiesiG@& and

slower global warming from what would otherwise be the case.

It should, howevelbe pointed out that in our simulations green QE cannot by itself prevent a
substantial rise in atmospheric temperagusn with the optimistic value @f, global warming

is not significantliower thamd°C at theend of the centyr Thee aretwo key reasafor that

First, the interest rate is just one of the factors that affect green investment. Taeettine,

in the green bond yield is not sufficient to bring about a substantial rise in green investment.
Seconda highers, is conducive to lower damages, allowing economic activity to expand more
rapidly in the optimistic green QE scenario (Fig. 4a). This higher economic activity places upward

pressures on G@missiongFig. 4c)
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Fig. 4: Effects ofthe implenentation of a green QE programme
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