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Abstract

How should bank capital requirements be set to deal with climate-related transition risks? 

We build a general equilibrium macro banking model where production requires fossil 

and low-carbon energy intermediate inputs, and the banking sector is subject to volatility 

risk linked to changes in energy prices. Introducing carbon taxes to reduce carbon 

emissions from fossil energy induces risk spillovers into the banking sector. Sectoral 

capital requirements can effectively address risks from energy-related exposures, 

benefiting household welfare and indirectly facilitating capital reallocation. Absent carbon 

taxes, implementing fossil penalizing capital requirements does not reduce emissions 

significantly and may threaten financial stability. During the transition, capital requirements 

can complement carbon tax policies, safeguarding financial stability and trading off long-

run welfare gains against lower investment and credit supply in the short run.

Keywords: climate risk, financial intermediation, macroprudential policy, bank capital 

requirements.

JEL classification: Q43, D58, G21, E44.



Resumen

¿Cómo deberían diseñarse los requerimientos de capital bancarios para hacer frente a los 

riesgos financieros derivados de la transición climática? Para responder a esta pregunta, 

primero, desarrollamos un modelo macroeconómico bancario de equilibrio general en 

el cual el sector productivo requiere como insumos energía fósil contaminante y energía 

verde y en el que la volatilidad de los retornos de los préstamos bancarios responde a 

las fluctuaciones de los precios de la energía. Segundo, evaluamos la implementación de 

impuestos sobre la emisión de carbono y cuantificamos los riesgos financieros derivados 

de dicha política. Nuestros resultados indican lo siguiente: 1) introducir requerimientos de 

capital a exposiciones en sectores económicos más expuestos a riesgos energéticos 

aumenta el bienestar de los hogares y facilita, de forma indirecta, la reasignación de 

capital entre sectores; 2) en ausencia de impuestos sobre el carbono, incrementar 

requerimientos de capital a las exposiciones de energía contaminante tiene un efecto 

muy limitado en la reducción de emisiones y podría generar inestabilidad financiera,  

y 3) durante la transición climática, los requerimientos de capital desempeñan un papel 

complementario al de las políticas fiscales (impositivas) para reducir emisiones de 

carbono, contribuyendo positivamente a la estabilidad financiera del sector bancario. 

Aunque a corto plazo los requerimientos de capital pueden generar menor inversión y 

oferta de crédito, a largo plazo la robustez del sector bancario produce ganancias de 

bienestar para la economía.

Palabras clave: riesgo climático, intermediación financiera, política macroprudencial, 

requerimientos de capital bancario.

Códigos JEL: Q43, D58, G21, E44.
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1 Introduction

As climate change and the transition to net-zero carbon emissions evolve, the fi-
nancial sector is expected to face spillovers from fast and intense climate policy
action.1 This concerns policymakers since a healthy banking system is fundamen-
tal to finance the carbon transition. In this context, it is crucial to understand the
macro-financial effects of carbon emission reduction policies and the trade-offs
macroprudential policy faceswhen addressing risk spillovers into the banking sec-
tor.2 Our work investigates three key questions: (i) How may bank capital regula-
tion —specifically capital requirements— address the financial risks derived from
implementing carbon taxes? (ii) In the absence of climate policy action, how far
can this type of capital-based macroprudential policies go as a sole climate policy
tool? (iii) Howdo bank capital requirements interact with carbon tax policies along
the equilibrium transition path to achieve climate goals?

To investigate these questions, we embed climate transition risk in a standard
dynamic stochastic general equilibrium (DSGE) model with financial frictions and
bank failure risk (Clerc et al., 2015; Mendicino et al., 2018, 2020). The model fea-
tures two distinct production sectors: a non-energy sector and an energy sector
that bundles low-carbon and fossil energy —that emits carbon due to the use of
fossil resources as in (Diluiso et al., 2021; Coenen et al., 2023). Importantly, each
economic sector requires unique capital intermediated by sector-specific banks.
Banks’ portfolio returns are subject to two sources of risk: exogenous idiosyncratic
risk and endogenous aggregate volatility risk linked to changes in energy prices.3

These sources of risk, together with limited liability, may lead to costly bank fail-
ures and credit disruption. We calibrate the model to match salient features of
macroeconomic aggregates in the Euro Area during the last two decades.

As in the real world, in our model, carbon mitigation policies affect energy
prices and have implications for households, firms, and the financial sector. Intro-

1The introduction of swift and stricter policies aimed at reducing carbon emissions may expose banks to financial risks
not capturedby the current regulatory framework, seeMarkCarney’s, ex-governor of theBankof England, influential speech
(Carney, 2015). See also European Central Bank (2022); Financial Stability Board (2022).

2Our work concentrates on bank capital requirements rather than all possible forms of macroprudential policies. See
Coelho and Restoy (2023) and Hiebert and Monnin (2023) for detailed policy discussion on the limitations of the current
Basel III macroprudential framework and trade-offs faced when ensuring the stability of the financial system while not
hindering credit provision.

3We focus on the spillovers from energy price shocks. Transitioning from current carbon prices to the ones required in
the net-zero transition would likely result in a significant increase in energy prices as predicted by the International Energy
Agency (2023). Although there are other potential sources of risk –such as a collapse in productivity, or devaluation of banks’
legacy assets–, energy price risks have been widely acknowledged and predicted to materialize as the transition intensifies.
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ducing a carbon tax on fossil fuels increases energyprices and sparks a reallocation
of capital across economic sectors. Real sector dynamics propagate to the finan-
cial system through the effect of energy prices on the return volatility of banks’
energy-linked assets —we call this the energy price risk channel. In this scenario,
the macroprudential authority finds it optimal to increase sectoral capital require-
ments (asymmetrically) in proportion to the risk borne by each sectoral exposure
as opposed to applying the same capital surcharge to all bank exposures. Such pol-
icy increases households’ welfare as it contains financial risks arising from banks’
exposures to energy production.

Although not within its primary objective, this optimal policy indirectly sup-
ports a green credit transition —credit flowing out of the fossil energy sector and
into the low-carbon energy sector. Importantly, we show that the level of optimal
capital requirements and the implied effects on the magnitude of the green credit
transition depend on the structural characteristics of an economy’s production and
energy sectors. Given the heterogeneity in structural features across European
economies, this result has relevant implications for the conduct of macropruden-
tial policy in the Euro Area.

A current debate in the academic and policy arenas is whether macropruden-
tial policies could not only address climate-related financial risks —a goal within
their macroprudential mandate, but also actively promote a transition to a green
economy through the credit market.4 We find that under the latter policy goal and
absent carbon taxes, fossil penalizing capital requirements have a limited impact
in generating an investment transition from the fossil to the low-carbon energy
sector. While a carbon tax lowers the return on fossil assets, fossil penalizing cap-
ital requirements can only reduce the return on equity for banks’ fossil assets —
which induces a disintermediation towards the non-banking sector, with low im-
pact on the capital accumulation across the low-carbon and fossil energy sectors.
Moreover, the associated effects on output and financial stability —due to higher
non-bank financial intermediation (NBFI)— are unambiguously adverse.

Finally, we investigate the complementarities between macroprudential poli-
cies and carbon taxes along a plausible carbon transition aligned with European
emission reduction targets. Our findings reveal that increasing sectoral capital re-
quirements to their optimal level —as a precautionary tool to mitigate the impacts
of carbon taxes—delivers lower bank failure rates and long-runwelfare gains at the

4Several works analyze the feasibility of fossil (brown) penalizing and low-carbon (green) supporting factors. On the
policy front, see European Commission (2018b), European Commission (2018a). On the academic front, see Dafermos et al.
(2018); Dankert et al. (2018); Oehmke and Opp (2022).

3
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expense of lower investment and credit supply in the short-run.

Related Literature. Our work relates to several strands of the literature on the
interaction of climate risk and financial stability.5 We relate to the theoretical lit-
erature studying the role of central banks and macroprudential authorities in the
presence of climate change; while Campiglio (2016) explore the role of reserve re-
quirements, and Böser and Colesanti Senni (2021) study climate-risk adjusted refi-
nancing operations, our work focuses on adapting bank capital requirements.

We combine two strands of the DSGE literature. To our knowledge, this paper is
the first to study the complementarities between carbon policies affecting the en-
ergy sector and bank capital regulation in the presence of bank failure risk. First,
by incorporating bank failure risk (Clerc et al., 2015; Mendicino et al., 2018, 2020)
and its consequences on financial stability and the real economy, our model can
help identify optimal levels of capital requirements along the climate transition,
assess the economy’s responsiveness to climate policies, and evaluate the effective-
ness of regulatory adjustments to capital ratios in general equilibrium. Second, by
adding a rich production sector that features differentiated energy inputs in final
goods production (Aboumahboub et al., 2020; Coenen et al., 2023) we investigate
how climate policy affecting the energy sector propagates to the financial system.6

We leverage recent work, such as Nasim et al. (2023); Nasim and Downing (2023);
Lee and Lee (2019) —showing that energy price shocks have a significant negative
direct impact on banks’ performance and bank efficiency— to quantitatively assess
the role of this energy price risk channel in a general equilibrium environment.

Most related to ourwork is the branchof the literature studying the role of thefi-
nancial frictions in DSGEmodels that incorporate climate risk (Diluiso et al., 2021;
Carattini et al., 2023; Benmir and Roman, 2020). We depart from their work in
the way we model financial frictions and the banking system. While they assume
banks face market-financing constraints a la Gertler and Kiyotaki (2010) due to de-
positor’s moral hazard concerns, we introduce banks’ limited liability and deposit
insurance (Kareken and Wallace, 1978) as the fundamental distortions motivating
the presence of capital requirements to limit banks’ leverage.7 This approach has

5SeeMonasterolo (2020); Giglio et al. (2021); Daumas (2023) for an extensive survey of the current state of the literature on
financial stability, stranded assets, and low-carbon transition policies. Also, Annicchiarico et al. (2021) review the literature
on business cycles and environmental policy.

6Although Computational General Equilibrium (CGE) models, such as those developed by Varga et al. (2022) and Aguilar
et al. (2023), offer a higher degree of disaggregation with explicit input-output sectoral interlinkages, they exclude the finan-
cial sector.

7We follow the long tradition in the banking literature (Kareken andWallace, 1978; Bhattacharya et al., 1998) that empha-

4

expense of lower investment and credit supply in the short-run.

Related Literature. Our work relates to several strands of the literature on the
interaction of climate risk and financial stability.5 We relate to the theoretical lit-
erature studying the role of central banks and macroprudential authorities in the
presence of climate change; while Campiglio (2016) explore the role of reserve re-
quirements, and Böser and Colesanti Senni (2021) study climate-risk adjusted refi-
nancing operations, our work focuses on adapting bank capital requirements.

We combine two strands of the DSGE literature. To our knowledge, this paper is
the first to study the complementarities between carbon policies affecting the en-
ergy sector and bank capital regulation in the presence of bank failure risk. First,
by incorporating bank failure risk (Clerc et al., 2015; Mendicino et al., 2018, 2020)
and its consequences on financial stability and the real economy, our model can
help identify optimal levels of capital requirements along the climate transition,
assess the economy’s responsiveness to climate policies, and evaluate the effective-
ness of regulatory adjustments to capital ratios in general equilibrium. Second, by
adding a rich production sector that features differentiated energy inputs in final
goods production (Aboumahboub et al., 2020; Coenen et al., 2023) we investigate
how climate policy affecting the energy sector propagates to the financial system.6

We leverage recent work, such as Nasim et al. (2023); Nasim and Downing (2023);
Lee and Lee (2019) —showing that energy price shocks have a significant negative
direct impact on banks’ performance and bank efficiency— to quantitatively assess
the role of this energy price risk channel in a general equilibrium environment.

Most related to ourwork is the branchof the literature studying the role of thefi-
nancial frictions in DSGEmodels that incorporate climate risk (Diluiso et al., 2021;
Carattini et al., 2023; Benmir and Roman, 2020). We depart from their work in
the way we model financial frictions and the banking system. While they assume
banks face market-financing constraints a la Gertler and Kiyotaki (2010) due to de-
positor’s moral hazard concerns, we introduce banks’ limited liability and deposit
insurance (Kareken and Wallace, 1978) as the fundamental distortions motivating
the presence of capital requirements to limit banks’ leverage.7 This approach has

5SeeMonasterolo (2020); Giglio et al. (2021); Daumas (2023) for an extensive survey of the current state of the literature on
financial stability, stranded assets, and low-carbon transition policies. Also, Annicchiarico et al. (2021) review the literature
on business cycles and environmental policy.

6Although Computational General Equilibrium (CGE) models, such as those developed by Varga et al. (2022) and Aguilar
et al. (2023), offer a higher degree of disaggregation with explicit input-output sectoral interlinkages, they exclude the finan-
cial sector.

7We follow the long tradition in the banking literature (Kareken andWallace, 1978; Bhattacharya et al., 1998) that empha-

4

ducing a carbon tax on fossil fuels increases energyprices and sparks a reallocation
of capital across economic sectors. Real sector dynamics propagate to the finan-
cial system through the effect of energy prices on the return volatility of banks’
energy-linked assets —we call this the energy price risk channel. In this scenario,
the macroprudential authority finds it optimal to increase sectoral capital require-
ments (asymmetrically) in proportion to the risk borne by each sectoral exposure
as opposed to applying the same capital surcharge to all bank exposures. Such pol-
icy increases households’ welfare as it contains financial risks arising from banks’
exposures to energy production.

Although not within its primary objective, this optimal policy indirectly sup-
ports a green credit transition —credit flowing out of the fossil energy sector and
into the low-carbon energy sector. Importantly, we show that the level of optimal
capital requirements and the implied effects on the magnitude of the green credit
transition depend on the structural characteristics of an economy’s production and
energy sectors. Given the heterogeneity in structural features across European
economies, this result has relevant implications for the conduct of macropruden-
tial policy in the Euro Area.

A current debate in the academic and policy arenas is whether macropruden-
tial policies could not only address climate-related financial risks —a goal within
their macroprudential mandate, but also actively promote a transition to a green
economy through the credit market.4 We find that under the latter policy goal and
absent carbon taxes, fossil penalizing capital requirements have a limited impact
in generating an investment transition from the fossil to the low-carbon energy
sector. While a carbon tax lowers the return on fossil assets, fossil penalizing cap-
ital requirements can only reduce the return on equity for banks’ fossil assets —
which induces a disintermediation towards the non-banking sector, with low im-
pact on the capital accumulation across the low-carbon and fossil energy sectors.
Moreover, the associated effects on output and financial stability —due to higher
non-bank financial intermediation (NBFI)— are unambiguously adverse.

Finally, we investigate the complementarities between macroprudential poli-
cies and carbon taxes along a plausible carbon transition aligned with European
emission reduction targets. Our findings reveal that increasing sectoral capital re-
quirements to their optimal level —as a precautionary tool to mitigate the impacts
of carbon taxes—delivers lower bank failure rates and long-runwelfare gains at the

4Several works analyze the feasibility of fossil (brown) penalizing and low-carbon (green) supporting factors. On the
policy front, see European Commission (2018b), European Commission (2018a). On the academic front, see Dafermos et al.
(2018); Dankert et al. (2018); Oehmke and Opp (2022).

3



BANCO DE ESPAÑA 9 DOCUMENTO DE TRABAJO N.º 2410

expense of lower investment and credit supply in the short-run.

Related Literature. Our work relates to several strands of the literature on the
interaction of climate risk and financial stability.5 We relate to the theoretical lit-
erature studying the role of central banks and macroprudential authorities in the
presence of climate change; while Campiglio (2016) explore the role of reserve re-
quirements, and Böser and Colesanti Senni (2021) study climate-risk adjusted refi-
nancing operations, our work focuses on adapting bank capital requirements.

We combine two strands of the DSGE literature. To our knowledge, this paper is
the first to study the complementarities between carbon policies affecting the en-
ergy sector and bank capital regulation in the presence of bank failure risk. First,
by incorporating bank failure risk (Clerc et al., 2015; Mendicino et al., 2018, 2020)
and its consequences on financial stability and the real economy, our model can
help identify optimal levels of capital requirements along the climate transition,
assess the economy’s responsiveness to climate policies, and evaluate the effective-
ness of regulatory adjustments to capital ratios in general equilibrium. Second, by
adding a rich production sector that features differentiated energy inputs in final
goods production (Aboumahboub et al., 2020; Coenen et al., 2023) we investigate
how climate policy affecting the energy sector propagates to the financial system.6

We leverage recent work, such as Nasim et al. (2023); Nasim and Downing (2023);
Lee and Lee (2019) —showing that energy price shocks have a significant negative
direct impact on banks’ performance and bank efficiency— to quantitatively assess
the role of this energy price risk channel in a general equilibrium environment.

Most related to ourwork is the branchof the literature studying the role of thefi-
nancial frictions in DSGEmodels that incorporate climate risk (Diluiso et al., 2021;
Carattini et al., 2023; Benmir and Roman, 2020). We depart from their work in
the way we model financial frictions and the banking system. While they assume
banks face market-financing constraints a la Gertler and Kiyotaki (2010) due to de-
positor’s moral hazard concerns, we introduce banks’ limited liability and deposit
insurance (Kareken and Wallace, 1978) as the fundamental distortions motivating
the presence of capital requirements to limit banks’ leverage.7 This approach has

5SeeMonasterolo (2020); Giglio et al. (2021); Daumas (2023) for an extensive survey of the current state of the literature on
financial stability, stranded assets, and low-carbon transition policies. Also, Annicchiarico et al. (2021) review the literature
on business cycles and environmental policy.

6Although Computational General Equilibrium (CGE) models, such as those developed by Varga et al. (2022) and Aguilar
et al. (2023), offer a higher degree of disaggregation with explicit input-output sectoral interlinkages, they exclude the finan-
cial sector.

7We follow the long tradition in the banking literature (Kareken andWallace, 1978; Bhattacharya et al., 1998) that empha-

4

two advantages: first, capital requirements easily map to Basel III capital regula-
tory policies and have a straightforward interpretation; second, we can derive di-
rect implications of carbon policies for bank failure and its consequences for fi-
nancial stability.

Similar toDiluiso et al. (2021) andCarattini et al. (2023), our findings support the
introduction ofmacroprudential policies in anticipation of uncertain or ambitious
carbon policies, as they can lessen welfare losses. In addition, we find significant
complementarities between capital requirements and carbon taxes in accelerating
a green credit transition; and our general equilibrium approach highlights the lim-
its of capital requirements as a sole tool to achieve carbon emission targets, com-
plementing other partial equilibrium works in the literature (Oehmke and Opp,
2022; Dankert et al., 2018).8 Lastly, we also contribute to the literature studying the
importance of the economy’s structural characteristics for optimal policy design,
for instance, an economy’s elasticity of substitution between fossil and clean en-
ergy inputs.9 Our work shows that this, and other structural parameters, also play
a key role in informing the magnitude of the optimal macroprudential interven-
tion.

Outline. The paper is structured as follows: Section 2 describes the model; Sec-
tion 3 explains the calibration of our quantitative experiments; Section 4 presents
results on optimal capital requirements and its interactions with climate policies
in steady state; Section 5 analyses the joint transitional dynamics of carbon taxes
and optimal capital requirements; Section 6 concludes.

2 TheModel

The model is a real business cycle version of the standard macro-models of bank-
ing developed in Clerc et al. (2015); Mendicino et al. (2018, 2020) extended to in-
clude differentiated energy sectors in production as in Diluiso et al. (2021). The
economy is composed of a household with a continuum of members of mass one
that, at each period, can be either workers or bankers. The household provides

sizes banks’ limited liability and deposit insurance give rise to banks’ over-leverage (or excessive risk-taking).
8A key insight arising from our and these works is that capital requirements can be an effective tool to deal with climate-

related financial risks but are rather ineffective as a climate policy tool to reduce greenhouse emissions.
9The elasticity substitution between fossil and low-carbon production inputs plays a central role in the design of optimal

fiscal environmental policies (Acemoglu et al., 2012; Golosov et al., 2014; Mattauch et al., 2015; Jo and Miftakhova, 2022), as
it determines the economy’s potential to achieve long-term growth sustained by low-carbon technologies.
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two advantages: first, capital requirements easily map to Basel III capital regula-
tory policies and have a straightforward interpretation; second, we can derive di-
rect implications of carbon policies for bank failure and its consequences for fi-
nancial stability.

Similar toDiluiso et al. (2021) andCarattini et al. (2023), our findings support the
introduction ofmacroprudential policies in anticipation of uncertain or ambitious
carbon policies, as they can lessen welfare losses. In addition, we find significant
complementarities between capital requirements and carbon taxes in accelerating
a green credit transition; and our general equilibrium approach highlights the lim-
its of capital requirements as a sole tool to achieve carbon emission targets, com-
plementing other partial equilibrium works in the literature (Oehmke and Opp,
2022; Dankert et al., 2018).8 Lastly, we also contribute to the literature studying the
importance of the economy’s structural characteristics for optimal policy design,
for instance, an economy’s elasticity of substitution between fossil and clean en-
ergy inputs.9 Our work shows that this, and other structural parameters, also play
a key role in informing the magnitude of the optimal macroprudential interven-
tion.

Outline. The paper is structured as follows: Section 2 describes the model; Sec-
tion 3 explains the calibration of our quantitative experiments; Section 4 presents
results on optimal capital requirements and its interactions with climate policies
in steady state; Section 5 analyses the joint transitional dynamics of carbon taxes
and optimal capital requirements; Section 6 concludes.

2 TheModel

The model is a real business cycle version of the standard macro-models of bank-
ing developed in Clerc et al. (2015); Mendicino et al. (2018, 2020) extended to in-
clude differentiated energy sectors in production as in Diluiso et al. (2021). The
economy is composed of a household with a continuum of members of mass one
that, at each period, can be either workers or bankers. The household provides

sizes banks’ limited liability and deposit insurance give rise to banks’ over-leverage (or excessive risk-taking).
8A key insight arising from our and these works is that capital requirements can be an effective tool to deal with climate-

related financial risks but are rather ineffective as a climate policy tool to reduce greenhouse emissions.
9The elasticity substitution between fossil and low-carbon production inputs plays a central role in the design of optimal

fiscal environmental policies (Acemoglu et al., 2012; Golosov et al., 2014; Mattauch et al., 2015; Jo and Miftakhova, 2022), as
it determines the economy’s potential to achieve long-term growth sustained by low-carbon technologies.
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perfect consumption insurance to each member. The worker members supply la-
bor to the non-energy production sector and return the wages to the household.
The banker members manage financial firms called banks. Bankers receive an eq-
uity endowment from the household, which they use to finance the banks’ oper-
ations.10 Banks combine the banker’s equity and household deposits to provide
credit to firms in the production sector. Their portfolio returns are subject to two
sources of risk: exogenous idiosyncratic risk and endogenous aggregate volatility
risk linked to changes in energy prices, whichmay lead to banks defaulting on their
deposit obligations whenever shocks on their returns are adverse enough. As it is
standard, bankers are protected by limited liability in the event of bank failure —
see Section 2.3.1 formore details. By the end of the period, bankers transfer banks’
dividends to the household, plus their accumulated earnings whenever they retire
and become workers.

There are two layers in the production sector; final goods are produced by a
firm that combines an intermediate non-energy bundle Y with an energy bundle
E —representing the energy sector’s intermediate output. The energy bundle is
produced using intermediate energy inputs produced from low-carbonL and fossil
F energy producers, respectively. Fossil energy producers differ from low-carbon
energy producers in that they require fossil resources as an additional input for
energy production, hence, generating carbon emissions. We assume that the non-
energy bundle, as well as each type of energy, requires sector-specific capital as
production input. Sector-specific capital is produced by firms that repair the de-
preciated capital, build new capital, and sell it to the energy and non-energy pro-
ducing firms. To finance capital purchases, these firms take on credit from a bank-
ing sector that invests sector-specific assets.11 The public sector consists of a fiscal
authority and amacroprudential authority. The fiscal authority manages a deposit
insurance scheme (DIS), levies taxes on carbon-emitting fossil firms, and balances
its budget by levying lump-sum taxes to the household. The macroprudential au-
thority sets minimum capital requirements for each banking sector.

Mainfinancial frictions. In our environment, the justification for implementing
bank capital regulation stems from two primary frictions related to banks’ reliance

10As inGertler andKiyotaki (2010); Clerc et al. (2015);Mendicino et al. (2018), this assumption links banks’ equity financing
to the limited resources available to bankers. It is a reduced form to capture other frictions faced by intermediaries to raise
outside equity.

11Modeling a banking sector that invests in sector-specific assets allows us to test the role of general and sectoral capital
requirements along the climate transition and their interaction with climate policy actions.
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on external debt financing. Due to these frictions, banks fail to internalize the ag-
gregate effects of their leverage choice and expose themselves to elevated levels of
risk. The first friction arises from the combination of banks’ limited liability and
the presence of deposit insurance, which encourages banks to increase leverage,
as the potential costs of banks’ failure are partially borne by the deposit insurance
scheme. This may result in a scenario where bank loans are more easily acces-
sible and come at a lower cost than what a social planner —considering the full
consequences of bank failure— would deem optimal. The second friction comes
from the assumption that depositors charge a common deposit risk premium—on
the fraction of uninsured deposits— that is a function of the average risk of bank
failure in the economy.12 As a result of these distortions, banks choose to lever up
to the regulatory limit. In this context, bank capital requirements play a central
role in mitigating banks’ excessive leverage. The focus of our model is on studying
how spillovers from exogenous carbon policies interact with these frictions in the
banking sector.13

Next, we detail the problems of households, firms, banks, and the public sector.
The description of capital-producing firms, capitalmanagement firms, andmarket
clearing conditions is left for Appendix A as they are standard in this type ofmodel.

2.1 Households

The representative household maximizes:

Et

∞∑
i=0

βt+i

[
(Ct+i)

1−ς − 1

1− ς
− η

1 + ν
L1+ν
t+i

]
(1)

subject to:

Ct + Bt +Dt +
∑
j

(Qj,t + zj,t)S
H
j,t = WtLt +Πt +Rt−1Bt−1

+ R̃D
t Dt−1 +

∑
j

Rj,tS
H
j,t−1 − Tt,

(2)

12The assumption that depositors can only observe the average risk in the banking system (Clerc et al., 2015) encourages
riskier behavior from individual banks as well as the possibility of contagion of financial risk from one banking sector to
another through the increase in the cost of overall deposit funding.

13To keep consistency with our approach in modeling exogenous carbon policies, we abstract from including climate
externalities affecting the real sector through physical damages. Furthermore, given our focus on the Euro Area, modeling
climate externalities would require a different setup to properly account for the effects of European carbon policies on the
global stock of CO2. See Diluiso et al. (2021) for a similar approach to ours and see Acemoglu et al. (2012); Golosov et al.
(2014); Carattini et al. (2023) among others, for models with climate externalities.
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whereCt is consumption andLt is labor. β ∈ (0, 1) is the discount factor, ς > 0 is
the coefficient of risk aversion, ν > 0 is the inverse of the Frisch elasticity of labor
supply and η > 0measures the relative disutility of labor.

The sources of income to the household are wages WtLt from workers; com-
bined profitsΠt from bankers, capital management firms, capital producing firms,
and fossil resources firms; plus interest-rate bearing assets; minus lump-sum taxes
Tt. Government bondsBt pay the risk-free real interest rateRt.14 We assumehouse-
holds can purchase shares of capital SH

j,t from firms in each intermediate sector
j ∈ {Y, F, L} through capital management firms. For each unit, households pay
the price of capital Qj,t plus a management fee zj,t and by the end of the next pe-
riod receive a return Rj,t+1 on their holdings.15 In contrast, bank deposits pay a
gross return R̃D

t = RD
t−1 − (1 − κ)Ωt, where RD

t−1 represents the promised gross de-
posit rate. Following the macro-banking literature, we assume that a fraction κ of
deposits are insured by the DIS and paid back in full in the event of bank failure.
Ωt represents household’s average loss—per unit of bank debt—on the fraction of
uninsured deposits (1− κ). This loss introduces a key friction since the cost of de-
posit funding is not a function of the risk taken by an individual bank but of the
average risk of the banking system.

2.2 Production

Final goods are produced by profit-maximizing perfectly competitive firms using
a non-energy input Yt and an energy compositeEt according to the following tech-
nology function:16

Ỹt =

[
(1− αE)

1/φY Y
(φY −1)

φY

t + α
1/φY

E E
(φY −1)

φY

t

] φY

(φY −1)

, (3)

where φY > 0 is the elasticity of intratemporal substitution between the inputs,
while αE is the weight of the energy bundle in production.

The non-energy input Yt = AY (KY,t)
αY (Lt)

1−αY is a standard capital and labor

14Government bonds are assumed to be in zero net supply. However, their interest rate serves as a referential rate for the
pricing of other interest-bearing assets.

15This arrangement allows the household to invest directly in the firm’s capital without channeling its savings through
banks. It also serves as a proxy for non-bank financial intermediation (NBFI) in themodel. However, this investment option
is costly; management fees aim to capture inefficiencies in the NBFI sector.

16Such a nested constant elasticity of substitution formulation is used in Integrated Assessment Models (IAM), see for
instance, Aboumahboub et al. (2020).
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composite where AY is the sector specific productivity, KY,t is the sector specific
capital used in production and Lt is the labor input.

The energy compositeEt is produced through a CES aggregator of two different
energy inputs: low-carbon energy, EL,t, and fossil energy EF,t

Et =

[
(1− αF )

1/φEE
(φE−1)

φE

L,t + α
1/φE

F E
(φE−1)

φE

F,t

] φE

(φE−1)

, (4)

whereφE > 0 is the elasticity of substitution between the low-carbon and the fossil
input, while αF represents the weight of fossil energy in the bundle.

Hence, profit maximization delivers the following demands for labor and en-
ergy inputsWt = PtỸ

1

φY

t (1 − αE)
1

φY Y
(φY −1)/φY

t (1 − αY )
1
Lt
, Et = αE (PEY ,t/Pt)

−φY Ỹt

respectively, whereWt is the wage, Pt is the price of final goods (normalized to 1)
and PEY ,t is the price of the energy composite.

Similarly, profit maximization of the energy composite producers delivers the
following demands for each type of energy input: EL,t = (1− αF ) (PEL,t/PEY ,t)

−φE ,
and EF,t = αF (PEF ,t/PEY ,t)

−φE , where PEL,t and PEF ,t is the price of each energy
input. By the end of period t+1, the ex-post return on the capital units used in the
non-energy sector RY,t+1 is given by:

RY,t+1 =
(QY,t+1 − δY ) +

WtLt
αY

1−αY

KY,t+1

QY,t

, (5)

where QY,t is the real price of a KY,t unit of physical capital installed in the non-
energy sector, and δY is the capital depreciation rate.

2.2.1 Energy Producers

Low-carbon energy sector. Perfectly competitive low-carbon energy firms use
sector-specific capitalKL,t as the only input to produce low-carbon energy.17

EL,t = ALKL,t, (6)

17We follow the E-DSGE literature (Diluiso et al., 2021; Coenen et al., 2023)) in modeling the clean-energy sector as a one-
input sector dependent on sector-specific capital only. Although stylized, this approach captures the observation that clean
energy generates substantially less or zero carbon emissions compared to the fossil energy sector. The model can be easily
extended to include other resources as input to the low-carbon energy sector. However, it will not make a difference to our
results as long as carbon taxes do not affect the price of these resources.
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respectively, whereWt is the wage, Pt is the price of final goods (normalized to 1)
and PEY ,t is the price of the energy composite.

Similarly, profit maximization of the energy composite producers delivers the
following demands for each type of energy input: EL,t = (1− αF ) (PEL,t/PEY ,t)

−φE ,
and EF,t = αF (PEF ,t/PEY ,t)

−φE , where PEL,t and PEF ,t is the price of each energy
input. By the end of period t+1, the ex-post return on the capital units used in the
non-energy sector RY,t+1 is given by:
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where QY,t is the real price of a KY,t unit of physical capital installed in the non-
energy sector, and δY is the capital depreciation rate.

2.2.1 Energy Producers

Low-carbon energy sector. Perfectly competitive low-carbon energy firms use
sector-specific capitalKL,t as the only input to produce low-carbon energy.17

EL,t = ALKL,t, (6)

17We follow the E-DSGE literature (Diluiso et al., 2021; Coenen et al., 2023)) in modeling the clean-energy sector as a one-
input sector dependent on sector-specific capital only. Although stylized, this approach captures the observation that clean
energy generates substantially less or zero carbon emissions compared to the fossil energy sector. The model can be easily
extended to include other resources as input to the low-carbon energy sector. However, it will not make a difference to our
results as long as carbon taxes do not affect the price of these resources.
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where QF,t is the price of the physical capital installed in the low-carbon energy
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We assume the household owns the fossil resource, and it is elastically supplied
at an exogenously given price PX,t, which captures the exogenous dynamics of the
international price of commodities like gas and oil used as inputs in the fossil en-
ergy producing sector.

Carbon policy. For tractability, we simply assume that the level of carbon emis-
sions in the fossil energy sector is given by its use of fossil resources XF,t.19 The
fiscal authority may implement a carbon tax τXF ,t for each unit ofXF,t used in fos-
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such that the marginal product of fossil resources equals its price, we obtain:
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18We abstract from labor inputs in energy production since it is not our purpose to study labor reallocation across sectors.

Moreover, energy sectors tend to be capital intensive.
19For more comprehensive approaches see Nordhaus (2017); Golosov et al. (2014); Acemoglu et al. (2012).
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2.3 Bank Credit Market Structure

By the end of the period, firms in each sector j ∈ {Y, L, F} must purchase next-
period capital Kj,t+1 at a price Qj,t. To finance these purchases, firms issue state-
contingent claims to their future earnings; SB

j,t denotes claims purchased by sector-
specific banks —such arrangement represents bank credit provision as SB

j,t is reg-
istered on the asset side of banks’ balance sheets; SH

j,t denotes claims purchased by
households through the capital management firms, which represent non-banking
financial intermediation. Then, the market value of the next period capital equals
the market value of claims issued by each firm:

Qj,tKj,t+1 = Qj,t(S
B
j,t + SH

j,t), j ∈ {Y, L, F}. (11)

Recall from thehousehold’s problem (2) that non-bankingfinancial intermediation
entails additional management costs for households which restrict firms access to
credit as in Mendicino et al. (2018, 2020). In contrast, firms’ access to bank credit
is frictionless.

2.3.1 Individual Bankers

The structure of our banking sector closely follows Mendicino et al. (2018, 2020),
extended to include three types of intermediated capital. In each period, individ-
ual bankers may remain active with independent probability θ or become inactive
and switch to be workers with probability 1 − θ.20 By the end of the period, exit-
ing bankers transfer their accumulated earnings to the household, and an equal
mass of new bankers enters —such that the mass of bankers and workers remains
constant over time. Entering bankers are endowed with an initial equity, which we
assume to be a fixed proportion χ ∈ (0, 1] of exiting banks’ net worth.

Individual bankers can invest their net worth NWt into three classes j of com-
petitive specialized banks. Bank specialization is an efficient equilibrium outcome
product of the limited liability (Repullo and Suarez, 2004).21 Intuitively, the opti-
mal strategy of a banker is to invest in specialized banks to maximize the benefits

20This arrangement ensures that the aggregate accumulated net worth across all active bankers remains limited and does
not grow excessively over time.

21Although, in practice, no bank is completely specialized in a given industry, some banks have a significantly high con-
centration of their lending portfolio in specific industries due to industry-specific knowledge (about default risk, business
models, or collateral of loans, to name a few examples), see Blickle et al. (2023). Our model aims to capture this feature as
it is relevant to address climate-related risks in banking; for instance, the European Systemic Risk Board (2023) identifies a
bank’s climate-related concentration risk as a key determinant for predicted losses along the climate transition. Also, notice
that in our model, the effects of sectoral lending diversification are captured through the allocation of bankers’ net worth
(or bank equity) into different sectors. Hence, at the aggregate level, the banking sector is realistically diversified.
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2.3 Bank Credit Market Structure

By the end of the period, firms in each sector j ∈ {Y, L, F} must purchase next-
period capital Kj,t+1 at a price Qj,t. To finance these purchases, firms issue state-
contingent claims to their future earnings; SB

j,t denotes claims purchased by sector-
specific banks —such arrangement represents bank credit provision as SB

j,t is reg-
istered on the asset side of banks’ balance sheets; SH

j,t denotes claims purchased by
households through the capital management firms, which represent non-banking
financial intermediation. Then, the market value of the next period capital equals
the market value of claims issued by each firm:

Qj,tKj,t+1 = Qj,t(S
B
j,t + SH

j,t), j ∈ {Y, L, F}. (11)

Recall from thehousehold’s problem (2) that non-bankingfinancial intermediation
entails additional management costs for households which restrict firms access to
credit as in Mendicino et al. (2018, 2020). In contrast, firms’ access to bank credit
is frictionless.

2.3.1 Individual Bankers

The structure of our banking sector closely follows Mendicino et al. (2018, 2020),
extended to include three types of intermediated capital. In each period, individ-
ual bankers may remain active with independent probability θ or become inactive
and switch to be workers with probability 1 − θ.20 By the end of the period, exit-
ing bankers transfer their accumulated earnings to the household, and an equal
mass of new bankers enters —such that the mass of bankers and workers remains
constant over time. Entering bankers are endowed with an initial equity, which we
assume to be a fixed proportion χ ∈ (0, 1] of exiting banks’ net worth.

Individual bankers can invest their net worth NWt into three classes j of com-
petitive specialized banks. Bank specialization is an efficient equilibrium outcome
product of the limited liability (Repullo and Suarez, 2004).21 Intuitively, the opti-
mal strategy of a banker is to invest in specialized banks to maximize the benefits

20This arrangement ensures that the aggregate accumulated net worth across all active bankers remains limited and does
not grow excessively over time.

21Although, in practice, no bank is completely specialized in a given industry, some banks have a significantly high con-
centration of their lending portfolio in specific industries due to industry-specific knowledge (about default risk, business
models, or collateral of loans, to name a few examples), see Blickle et al. (2023). Our model aims to capture this feature as
it is relevant to address climate-related risks in banking; for instance, the European Systemic Risk Board (2023) identifies a
bank’s climate-related concentration risk as a key determinant for predicted losses along the climate transition. Also, notice
that in our model, the effects of sectoral lending diversification are captured through the allocation of bankers’ net worth
(or bank equity) into different sectors. Hence, at the aggregate level, the banking sector is realistically diversified.
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of limited liability, i.e., bankers don’t want the losses from a portfolio with one type
of risk profile to subtract from the profits of another portfolio with a different risk
profile. The problem of a representative banker is

Vt = max
{NWj,t, divt≥0}

divt +Et [Λt+1 [(1− θ)NWt+1 + θVt+1]] (12)

subject to
∑
j

NWj,t + divt = NWt, (13)

NWt+1 =
∑
j

[∫ ∞

0

ρj,t+1(ω)dFj,t+1(ω)

]
NWj,t, (14)

where Λt+1 = β( Ct

Ct+1
)−ς is the household stochastic discount factor; NWj,t in the

bankers’ balance sheet (13) represents the diversified equity investment in the con-
tinuum of banks of class j, and divt is the dividend paid to the household; (14) is
the law of motion of an individual banker’s net worth, ρj,t+1(ω) is the return from
investing equity in a bank of class j that experiences idiosyncratic shocks ω to the
returns of its asset portfolio (explained below, see subsection 2.3.2). Additionally,
we define ρj,t+1 =

∫∞
0

ρj,t+1(ω)dFj,t+1(ω) as the per unit return of a diversified port-
folio of equity shares of banks class j ∈ {Y, L, F}.

As it is standard in these type of models (Gertler and Kiyotaki, 2010), it can be
shown that the bankers’ value function is linear in their net worth Vt = vtNWt,
where vt is the shadow value of a unit of the banker’s wealth.22 Then, the objective
function in (12) can be rewritten as

vtNWt = max
{NWj,t, divt≥0}

divt +Et [Λt+1 (1− θ + θvt+1)NWt+1] , (15)

and bankers will find it optimal not to pay dividends before exiting (divt = 0) in-
sofar as vt > 1. From (15), bankers’ stochastic discount factor can be defined as
ΛB

t+1 = Λt+1(1− θ + θvt+1).
An interior equilibrium in which all classes of banks receive strictly positive

equity from bankers (NWj,t > 0) requires the discounted gross expected return on
equity at each class of bank to be equal to vt. Which obtains the following non-
arbitrage equilibrium conditions across classes of banks:

Et

[
ΛB

t+1ρY,t+1

]
= Et

[
ΛB

t+1ρF,t+1

]
= vt, (16)

Et

[
ΛB

t+1ρF,t+1

]
= Et

[
ΛB

t+1ρL,t+1

]
= vt. (17)

22As in Gertler and Kiyotaki (2010), we guess and then verify that is the case in equilibrium.
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ΛB

t+1 = Λt+1(1− θ + θvt+1).
An interior equilibrium in which all classes of banks receive strictly positive

equity from bankers (NWj,t > 0) requires the discounted gross expected return on
equity at each class of bank to be equal to vt. Which obtains the following non-
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Et

[
ΛB

t+1ρY,t+1

]
= Et

[
ΛB

t+1ρF,t+1

]
= vt, (16)

Et

[
ΛB

t+1ρF,t+1

]
= Et

[
ΛB

t+1ρL,t+1

]
= vt. (17)

22As in Gertler and Kiyotaki (2010), we guess and then verify that is the case in equilibrium.
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The evolution of the aggregate net worth across all active bankers is described
by:

ÑW t+1 = θNW t + χ(1− θ)NW t, (18)

where the first term represents the aggregate net worth of bankers that remain ac-
tive, and the second term denotes the aggregate net worth endowment of entering
bankers provided by the household, which we assume to be a proportion χ of the
net worth of exiting bankers.

2.3.2 Banks

Banks are one-period limited liability ventures that finance credit investments by
combining equity and deposits. A representative bank of each class j ∈ {Y, F, L}
issues equityNWj,t among bankers and debt among households in the form of de-
positsDj,t that pay a promised gross interest rateRD

t . Each class of bank uses these
funds to invest an amountQj,tS

B
j,t in the production firms of sector j, which has the

interpretation of a diversified credit portfolio. By the end of the period, such a port-
folio yields a gross returnRj,t+1 that is subject to an exogenous idiosyncratic shock
ωj,t+1 such that the portfolio’s terminal return is ωj,t+1Rj,t+1.23 The idiosyncratic as-
set return shock is assumed to be i.i.d across time and banks of class j, and follows
a log-normal distribution with a mean of one, a time-varying standard deviation
σ̃j,t, and a cumulative distribution function Fj(ωj,t).

The objective function of the representative bank of class j is to maximize the
net present value of their shareholders’ stake at the bank

NPVj,t = Et

[
ΛB

t+1 max
[
ωj,t+1Rj,t+1Qj,tS

B
j,t −RD

t Dj,t, 0
]
− vtNWj,t

]
, (19)

where the bankers’ equity investment NWj,t is valued at its equilibrium oppor-
tunity cost vt, and the max operator captures the possibility of banks defaulting
on their deposit obligations whenever the end-of-period net worth becomes neg-
ative. Bank failures are costly to the economy because resources are lost in the
dissolution process; after seizing and liquidating a bank’s assets, the DIS obtains
(1− µ)ωj,t+1Rj,t+1Qj,tS

B
j,t, where µ ∈ (0, 1) represents the asset liquidation costs.

The bank’s balance sheet is given by:

Qj,tS
B
j,t = NWj,t +Dj,t. (20)

23As argued by Mendicino et al. (2018) bank idiosyncratic return risk is an important originator of bank default and is
intended to capture the limitations that a bank faces when diversifying borrowers’ risk stemming from regional or sectoral
specialization or granular (large) exposures.
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Additionally, banks face a regulatory capital constraint

NWj,t ≥ ϕj,tQj,tS
B
j,t, (21)

where ϕj,t is the capital requirement on assets of bank class j.
Due to the existence of limited liability and deposit insurance, the model fea-

tures binding capital requirements in equilibrium —partially insured debt financ-
ing is always cheaper than equity financing. Based on this, we can express bank’s
assets as Qj,tS

B
j,t = NWj,t/ϕj,t, its deposits asDj,t = (1− ϕj,t)NWj,t/ϕj,t, and derive

the threshold ωj,t+1 below which realizations of the idiosyncratic shock to bank’s
returns induce bank failures:

ωj,t+1 = (1− ϕj,t)
RD

t

Rj,t+1

. (22)

Notice that the probability of failure of a bankFj,t+1 (ωj,t+1)will be driven by fluctu-
ations in the aggregate return on loansRj,t+1, as well as fluctuations in the volatility
of the distribution of the bank returns σ̃j,t.

As in Bernanke et al. (1999), in the appendix A.4, we derive the expected gross
share of terminal asset valueΓj,t+1(ωj,t+1) that goes to the bankers after factoring in
defaults from all banks of class j with shock realizations below ωj,t+1. This object
is useful to rewrite the objective function of a representative bank in (19) as:

NPVj,t =

{
Et

[
ΛB

t+1 [1− Γj,t+1 (ωj,t+1)]
Rj,t+1

ϕj,t

− vt

]}
NWj,t (23)

which is linear in the bankers’ net worth, NWj,t. An intuitive condition governing
banks’ incentives to invest in the assets of each productive sector j arises:

Et

[
ΛB

t+1 [1− Γj,t+1 (ωj,t+1)]Rj,t+1

]
≥ ϕj,tvt (24)

In equilibrium, (24) holds with equality as banks provide credit to firms until the
net risk-adjusted return of productive assets equates to the regulatory-weighted op-
portunity cost of banker’s equity.

Climate risk spillovers to thebanking sector. In the real world, as in ourmodel,
energy is a fundamental input for the production process. Its importance in the
economy implies that energy prices have essential implications for households,
firms, and the financial sector. In the context of climate change, transitioning
from current carbon prices to ones consistent with the EU net-zero targets would
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significantly increase energy prices (International Energy Agency (2023)) —these
observations make energy price risks a recognized and significant risk predicted
to materialize as the transition intensifies. Furthermore, this a relevant concern
for the banking sector given the empirically documented strong relationship be-
tween energy prices and bank performance.24 Our approach stresses this channel
as a relevant source of risk for the banking sector, we capture the relationship be-
tween banks’ performance and energy price dynamics by assuming that the cross-
sectional volatility of banks’ sectoral idiosyncratic risk evolves according to:

σ̃j,t(τX,t) = σj[PEj ,t(τX,t)]
βj , j ∈ {Y, F, L}, (25)

where σj represents the time-invariant level of the volatility, and βj is a parame-
ter determining how sectoral energy prices affect the volatility of banks’ returns.
When βj > 0, an endogenous energy price risk channel becomes active. Energy price
dynamics from the production side of the economy affect the volatility of assets’ re-
turns of banks exposed to that sector.25

2.4 Public Sector

Macroprudentialauthority. Consistentwith the risk-basedapproachunderBasel
II and Basel III, themacroprudential authority sets capital requirements that differ
across types of exposure: ϕj,t ∈ {ϕY,t, ϕF,t, ϕL,t} through regulatory constraints in
(21).26

Fiscalauthority. Thefiscal authoritymanages thedeposit insurance scheme, im-
plements the carbon tax policy, and levies lump-sum taxes or transfersTt onhouse-
holds to balance its budget every period. The total costs incurred by the deposit
insurance scheme are

TDIS
t = κΩtDt−1, (26)

where Ωt is the average default loss per unit of bank debt, which is the properly
weighted average of the losses realized at each class of bank and explicitly defined

24Nasim et al. (2023); Nasim and Downing (2023) show that energy price shocks have a significant negative direct impact
on banks’ performance and bank efficiency, even after controlling for all the relevant macroeconomic variables. Also, Lee
and Lee (2019) show that increases in oil prices trigger a reduction in bank capitalization, earnings, and liquidity in Chinese
banks.

25When βj = 0 shocks in the production side of the economy do not affect the financial sector in steady-state since all the
adjustment takes place via quantities. Returns on different types of capital —the variables linking the production and the
financial sides of the economy— remain unaffected.

26This is equivalent to set aminimum level of capital requirements for all types of exposures and to adjust differential risk
weights for each sectoral exposure —a standard interpretation (Mendicino et al., 2020; Bahaj and Malherbe, 2020).
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in Appendix A.4. Additionally, balancing the budget requires financing exogenous
government expenditure Gt. The government’s budget constraint is:

Bt + Tt = TDIS
t +Gt − τX,tXt −RtBt−1. (27)

3 Calibration

In this section, we outline our calibration strategy. The model is calibrated at a
quarterly frequency.

Households. Household parameters are set following standard values in the lit-
erature: the discount factor, β, is set to match an annualized risk-free rate of 2% in
the steady state; the parameter governing the degree of risk-aversion ς is set equal
to 2; the labor disutility parameter η, which has a purely scaling role, is normalized
to 1; the Frisch elasticity of labor supply ν is set equal to 1.

Production sector. The parameter determining the share of capital in the non-
energy sector,αY , is set to 0.3 as standard in the literature. Theweight of the energy
composite in the final output αE is set equal to 0.1.27 The elasticity of substitution
between the non-energy capital and labor inputs and the energy composite φY , is
set to 0.5 implying imperfect complementarity. In the energy sector, the weight
of fossil energy into the energy composite αF is set to 0.8 to match a share of 20%
renewable energy in total energy in the Euro Area. We set φE to 3 which implies
that fossil energy and low-carbon energy are strong substitutes in the CES aggre-
gation function for the energy composite (Papageorgiou et al., 2017). The elasticity
between fossil energy inputsφF is set to 0.3 indicating ahighdegree of complemen-
tarity between fossil capital and fossil resources.28 Following Diluiso et al. (2021)
we assume there is no price differential between low-carbon and fossil energy in
the benchmark economy and both prices are normalized to one. We use the steady
state price of fossil resources to target a value of fossil resources expenditure over
GDP equal to 1.8%, in line with the energy import bill of EU countries reported by
the European Commission (2020). We set the annualized depreciation rate in the

27From 2013 to 2020, the energy share in intermediate input production across economic industries averaged 7% for the
European Union. Nonetheless, this share varies significantly among European countries. In view of this, we set our bench-
mark to αE = 0.1 consistent with other E-DSGE models (Diluiso et al. (2021)). See, Appendix C.4 for further robustness.

28In Appendix C, we perform a sensitivity analysis for different elasticities of substitution.
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non-energy sector equal to 10% (Fagan et al., 2005). We set annualized deprecia-
tion rates of 8%, and 5% for the low-carbon and fossil energy sectors respectively
capturing heterogeneous infrastructure across energy producing sectors (Baldwin
et al., 2020). Capital adjustment costs ϱj are set in line with the values used inmod-
els with bank default (Mendicino et al., 2018, 2020).29 Finally, government expendi-
tureG is calibrated tomatch the share of private consumption in total output equal
to 0.56 (Fagan et al., 2005).

Table 1: Benchmark Calibration

Description Parameter Value Source/Target

Households

Discount factor β 0.995 2% risk-free rate
Disutility of labor η 1 Normalization
Frisch elasticity of labor ν 1 Carattini et al. (2023)
Risk aversion ς 2 Carattini et al. (2023)
Government expenditure G 0.19 C/Y = 0.56 (Fagan et al., 2005)

Final output

Weight of energy sector αE 0.1 Eurostat (2013-2020)
ES between energy and non-energy φY 0.5 Diluiso et al. (2021)
Weight of capital αY 0.36 Carattini et al. (2023)
Non-Energy Factors Efficiency AY 0.26 Y = 1

Energy production

Weight of fossil energy αF 0.8 Coenen et al. (2023)
Weight of fossil natural resources αX 0.3 Coenen et al. (2023)
ES between energy inputs φE 3 Papageorgiou et al. (2017)
ES between capital and resources φF 0.3 Coenen et al. (2023)
Energy Capital Efficiency AF , AL {0.010, 0.016} PEF

= PEL
= 1

Capital producers

Capital adjustment cost ϱY , ϱF , ϱL {4.57, 4.57, 4.57} Mendicino et al. (2020)
Depreciation rate (annualized) δY , δF , δL {10%, 5%, 8%} Fagan et al. (2005); Diluiso et al. (2021)

Financial sector

Share of insured deposits κ 0.54 Demirgüç-Kunt et al. (2015)
Survival rate of banks θ 0.9126 Bank price-to-book ratio of 1.1
Transfers from HH to bankers χ 0.8032 Bank return on equity of 7.9%
STD iid bank risk σY , σF , σL {0.03, 0.03, 0.03} 0.67% bank failure rate
Energy price-risk elasticity βY , βF , βL {1, 1, 1} 2.9% stressed bank failure rate
Bankruptcy cost µ 0.1 ϕ = 9.4% optimal
Capital management cost ζY , ζF , ζL {0.4, 1.58, 2.33} 22% NBFI and RF = RL

29Moreover, theE-DSGE literature does not differentiate adjustment costs across energy sectors (Annicchiarico andDiDio,
2015; Carattini et al., 2023).
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in Appendix A.4. Additionally, balancing the budget requires financing exogenous
government expenditure Gt. The government’s budget constraint is:

Bt + Tt = TDIS
t +Gt − τX,tXt −RtBt−1. (27)

3 Calibration
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mark to αE = 0.1 consistent with other E-DSGE models (Diluiso et al. (2021)). See, Appendix C.4 for further robustness.

28In Appendix C, we perform a sensitivity analysis for different elasticities of substitution.
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non-energy sector equal to 10% (Fagan et al., 2005). We set annualized deprecia-
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capturing heterogeneous infrastructure across energy producing sectors (Baldwin
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els with bank default (Mendicino et al., 2018, 2020).29 Finally, government expendi-
tureG is calibrated tomatch the share of private consumption in total output equal
to 0.56 (Fagan et al., 2005).

Table 1: Benchmark Calibration

Description Parameter Value Source/Target

Households

Discount factor β 0.995 2% risk-free rate
Disutility of labor η 1 Normalization
Frisch elasticity of labor ν 1 Carattini et al. (2023)
Risk aversion ς 2 Carattini et al. (2023)
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Banking sector. Turning to the banking side of the economy, we follow the cal-
ibration strategy in Mendicino et al. (2020). The survival rate of bankers θ is set
to match the median return on average equity in the systemically significant Euro
Area banks. The endowment of new bankers χ is used so that the shadow value of
bank equity νt matches the average price-to-book ratio of EA banks. The share of
insured deposits κ is set to 0.54 following Demirgüç-Kunt et al. (2015) for EA coun-
tries.

To isolate the risk spillovers from carbon policy and the optimal response of
capital requirements—see the following section, we assume that our banking sec-
tors start with the same level of risk and no return premium between sectors in
the benchmark economy. Hence, the time-invariant volatility of the idiosyncratic
shock to banks’ returns σj is set to make the probability of bank default equal to an
annual bank failure rate of 0.67% for all banks. In the same line, bank resolution
costs µ are set such that the benchmark level of capital requirements is also the
optimal one; we assume these costs are the same across sectors as it is standard
in the literature. For the parameter measuring the intensity of the energy price
risk channel βj, we assume a value of one in all sectors.30 Hence, the volatility of
banks’ returns in each sector has two components: a constant and symmetrical
volatility risk and a variable volatility component capturing the spillover effects of
the energy price risk channel. This approach allows us to isolate the effects of the
energy price risk channel, and it is useful to quantify how the optimal capital re-
quirement policy should optimally adjust to address spillovers from carbon taxes
into the financial sector.

We set bank capital requirements ϕj to the same level for all sectors at 9.4% —
labeled general capital requirement, which is the level that maximizes household
welfare in our benchmark economy.31 This approach captures the fact that the cur-
rent prudential regulation does not distinguish between non-energy, fossil, and
low-carbon assets. We interpret this optimum capital requirement as the relevant
starting point for the policy analysis performed in the next sections. This choice
facilitates the identification of welfare gains or losses resulting from prudential
interventions related to the climate transition rather than capturing differences
in inherent sectoral risk from the calibration. Moreover, since the model is cali-

30As shown in Section 4, upon the introduction of the carbon tax, our assumption on βj ’s delivers an increase in the
average bank failure rate in line with market-expected default frequencies for European financial institutions before the
implementation of Basel III. In Appendix C.1, we do sensitivity analysis over βj .

31See Appendix B.1 for a detailed explanation of the optimal level of capital requirements in our benchmark economy. We
focus on a utilitarian welfare measure. See Aguilar et al. (2019) for an extended assessment of welfare measures in models
with bank failure.
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non-energy sector equal to 10% (Fagan et al., 2005). We set annualized deprecia-
tion rates of 8%, and 5% for the low-carbon and fossil energy sectors respectively
capturing heterogeneous infrastructure across energy producing sectors (Baldwin
et al., 2020). Capital adjustment costs ϱj are set in line with the values used inmod-
els with bank default (Mendicino et al., 2018, 2020).29 Finally, government expendi-
tureG is calibrated tomatch the share of private consumption in total output equal
to 0.56 (Fagan et al., 2005).
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Discount factor β 0.995 2% risk-free rate
Disutility of labor η 1 Normalization
Frisch elasticity of labor ν 1 Carattini et al. (2023)
Risk aversion ς 2 Carattini et al. (2023)
Government expenditure G 0.19 C/Y = 0.56 (Fagan et al., 2005)

Final output

Weight of energy sector αE 0.1 Eurostat (2013-2020)
ES between energy and non-energy φY 0.5 Diluiso et al. (2021)
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Non-Energy Factors Efficiency AY 0.26 Y = 1

Energy production

Weight of fossil energy αF 0.8 Coenen et al. (2023)
Weight of fossil natural resources αX 0.3 Coenen et al. (2023)
ES between energy inputs φE 3 Papageorgiou et al. (2017)
ES between capital and resources φF 0.3 Coenen et al. (2023)
Energy Capital Efficiency AF , AL {0.010, 0.016} PEF

= PEL
= 1

Capital producers

Capital adjustment cost ϱY , ϱF , ϱL {4.57, 4.57, 4.57} Mendicino et al. (2020)
Depreciation rate (annualized) δY , δF , δL {10%, 5%, 8%} Fagan et al. (2005); Diluiso et al. (2021)

Financial sector

Share of insured deposits κ 0.54 Demirgüç-Kunt et al. (2015)
Survival rate of banks θ 0.9126 Bank price-to-book ratio of 1.1
Transfers from HH to bankers χ 0.8032 Bank return on equity of 7.9%
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Bankruptcy cost µ 0.1 ϕ = 9.4% optimal
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Banking sector. Turning to the banking side of the economy, we follow the cal-
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to match the median return on average equity in the systemically significant Euro
Area banks. The endowment of new bankers χ is used so that the shadow value of
bank equity νt matches the average price-to-book ratio of EA banks. The share of
insured deposits κ is set to 0.54 following Demirgüç-Kunt et al. (2015) for EA coun-
tries.

To isolate the risk spillovers from carbon policy and the optimal response of
capital requirements—see the following section, we assume that our banking sec-
tors start with the same level of risk and no return premium between sectors in
the benchmark economy. Hence, the time-invariant volatility of the idiosyncratic
shock to banks’ returns σj is set to make the probability of bank default equal to an
annual bank failure rate of 0.67% for all banks. In the same line, bank resolution
costs µ are set such that the benchmark level of capital requirements is also the
optimal one; we assume these costs are the same across sectors as it is standard
in the literature. For the parameter measuring the intensity of the energy price
risk channel βj, we assume a value of one in all sectors.30 Hence, the volatility of
banks’ returns in each sector has two components: a constant and symmetrical
volatility risk and a variable volatility component capturing the spillover effects of
the energy price risk channel. This approach allows us to isolate the effects of the
energy price risk channel, and it is useful to quantify how the optimal capital re-
quirement policy should optimally adjust to address spillovers from carbon taxes
into the financial sector.

We set bank capital requirements ϕj to the same level for all sectors at 9.4% —
labeled general capital requirement, which is the level that maximizes household
welfare in our benchmark economy.31 This approach captures the fact that the cur-
rent prudential regulation does not distinguish between non-energy, fossil, and
low-carbon assets. We interpret this optimum capital requirement as the relevant
starting point for the policy analysis performed in the next sections. This choice
facilitates the identification of welfare gains or losses resulting from prudential
interventions related to the climate transition rather than capturing differences
in inherent sectoral risk from the calibration. Moreover, since the model is cali-

30As shown in Section 4, upon the introduction of the carbon tax, our assumption on βj ’s delivers an increase in the
average bank failure rate in line with market-expected default frequencies for European financial institutions before the
implementation of Basel III. In Appendix C.1, we do sensitivity analysis over βj .

31See Appendix B.1 for a detailed explanation of the optimal level of capital requirements in our benchmark economy. We
focus on a utilitarian welfare measure. See Aguilar et al. (2019) for an extended assessment of welfare measures in models
with bank failure.

18

brated to capture the characteristics of systemically significant banks in the Euro
Area, our benchmark capital requirement level canbe interpreted as an aggregated
measure combining additional regulatory requirements, which were gradually in-
corporated starting in 2016 followingBasel III guidelines. Our capital requirements
alignwith the reported combined regulatory requirements on total core capital for
banks in the Euro Area, which averaged 9.4% in 2020 (Behn et al., 2020) and with
the optimal values found in macroeconomic models studying the role of macro-
prudential policy (Mendicino et al., 2018, 2020).

Non-Banking sector. The capital management cost parameter ζY is set to target
an average NBFI market share of 20% in the economy (Mendicino et al., 2020). ζF
and ζL are used to equalize returns across sectors following recent evidence show-
ing zero greenium in bond markets (European Securities and Markets Authority,
2023).32

In the following sections, we analyze the impact of introducing a carbon tax to
curb fossil emissions and its interaction with capital requirements; we first per-
form a steady-state analysis (Section 4) and then a transitional dynamics analysis
(Section 5).

4 Climate Transition Risk and Bank Capital Require-
ments in theMedium-Run

We start by tackling two relevant questions for economies implementing carbon
taxes as a carbon emissionmitigation policy: (i) What are the real and financial ef-
fects of introducing a carbon tax?; (ii) How should macroprudential policy react in
this context? To answer these questions, this section presents a set of steady-state
comparative static exercises.33 The central insight from the following analysis is
that adjusting bank capital requirements based on sectoral risk exposure —arising
from spillovers in the implementation of carbon taxes through the energy price

32Our calibration delivers a benchmarkNBFImarket share of 12% and 32% for fossil and low-carbon technologies, respec-
tively. This captures evidence that bank intermediation is relatively stronger in the traditional fossil sector and relatively low
in the more innovative low-carbon sector (Buchner et al., 2023). Banks might hesitate to finance innovation due to a lack of
expertise in evaluating high-risk projects that cannot be used as collateral or harm the value of the underlying collateral for
existing loans (Ueda, 2004; Hall and Lerner, 2010).

33Any long-run analysis should consider the effects of technological change (see Airaudo et al., 2023). Since our model
lacks this feature, our results should be interpreted asmedium-run.
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Banking sector. Turning to the banking side of the economy, we follow the cal-
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to match the median return on average equity in the systemically significant Euro
Area banks. The endowment of new bankers χ is used so that the shadow value of
bank equity νt matches the average price-to-book ratio of EA banks. The share of
insured deposits κ is set to 0.54 following Demirgüç-Kunt et al. (2015) for EA coun-
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To isolate the risk spillovers from carbon policy and the optimal response of
capital requirements—see the following section, we assume that our banking sec-
tors start with the same level of risk and no return premium between sectors in
the benchmark economy. Hence, the time-invariant volatility of the idiosyncratic
shock to banks’ returns σj is set to make the probability of bank default equal to an
annual bank failure rate of 0.67% for all banks. In the same line, bank resolution
costs µ are set such that the benchmark level of capital requirements is also the
optimal one; we assume these costs are the same across sectors as it is standard
in the literature. For the parameter measuring the intensity of the energy price
risk channel βj, we assume a value of one in all sectors.30 Hence, the volatility of
banks’ returns in each sector has two components: a constant and symmetrical
volatility risk and a variable volatility component capturing the spillover effects of
the energy price risk channel. This approach allows us to isolate the effects of the
energy price risk channel, and it is useful to quantify how the optimal capital re-
quirement policy should optimally adjust to address spillovers from carbon taxes
into the financial sector.
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optimal one; we assume these costs are the same across sectors as it is standard
in the literature. For the parameter measuring the intensity of the energy price
risk channel βj, we assume a value of one in all sectors.30 Hence, the volatility of
banks’ returns in each sector has two components: a constant and symmetrical
volatility risk and a variable volatility component capturing the spillover effects of
the energy price risk channel. This approach allows us to isolate the effects of the
energy price risk channel, and it is useful to quantify how the optimal capital re-
quirement policy should optimally adjust to address spillovers from carbon taxes
into the financial sector.

We set bank capital requirements ϕj to the same level for all sectors at 9.4% —
labeled general capital requirement, which is the level that maximizes household
welfare in our benchmark economy.31 This approach captures the fact that the cur-
rent prudential regulation does not distinguish between non-energy, fossil, and
low-carbon assets. We interpret this optimum capital requirement as the relevant
starting point for the policy analysis performed in the next sections. This choice
facilitates the identification of welfare gains or losses resulting from prudential
interventions related to the climate transition rather than capturing differences
in inherent sectoral risk from the calibration. Moreover, since the model is cali-

30As shown in Section 4, upon the introduction of the carbon tax, our assumption on βj ’s delivers an increase in the
average bank failure rate in line with market-expected default frequencies for European financial institutions before the
implementation of Basel III. In Appendix C.1, we do sensitivity analysis over βj .

31See Appendix B.1 for a detailed explanation of the optimal level of capital requirements in our benchmark economy. We
focus on a utilitarian welfare measure. See Aguilar et al. (2019) for an extended assessment of welfare measures in models
with bank failure.
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brated to capture the characteristics of systemically significant banks in the Euro
Area, our benchmark capital requirement level canbe interpreted as an aggregated
measure combining additional regulatory requirements, which were gradually in-
corporated starting in 2016 followingBasel III guidelines. Our capital requirements
alignwith the reported combined regulatory requirements on total core capital for
banks in the Euro Area, which averaged 9.4% in 2020 (Behn et al., 2020) and with
the optimal values found in macroeconomic models studying the role of macro-
prudential policy (Mendicino et al., 2018, 2020).

Non-Banking sector. The capital management cost parameter ζY is set to target
an average NBFI market share of 20% in the economy (Mendicino et al., 2020). ζF
and ζL are used to equalize returns across sectors following recent evidence show-
ing zero greenium in bond markets (European Securities and Markets Authority,
2023).32

In the following sections, we analyze the impact of introducing a carbon tax to
curb fossil emissions and its interaction with capital requirements; we first per-
form a steady-state analysis (Section 4) and then a transitional dynamics analysis
(Section 5).

4 Climate Transition Risk and Bank Capital Require-
ments in theMedium-Run

We start by tackling two relevant questions for economies implementing carbon
taxes as a carbon emissionmitigation policy: (i) What are the real and financial ef-
fects of introducing a carbon tax?; (ii) How should macroprudential policy react in
this context? To answer these questions, this section presents a set of steady-state
comparative static exercises.33 The central insight from the following analysis is
that adjusting bank capital requirements based on sectoral risk exposure —arising
from spillovers in the implementation of carbon taxes through the energy price

32Our calibration delivers a benchmarkNBFImarket share of 12% and 32% for fossil and low-carbon technologies, respec-
tively. This captures evidence that bank intermediation is relatively stronger in the traditional fossil sector and relatively low
in the more innovative low-carbon sector (Buchner et al., 2023). Banks might hesitate to finance innovation due to a lack of
expertise in evaluating high-risk projects that cannot be used as collateral or harm the value of the underlying collateral for
existing loans (Ueda, 2004; Hall and Lerner, 2010).

33Any long-run analysis should consider the effects of technological change (see Airaudo et al., 2023). Since our model
lacks this feature, our results should be interpreted asmedium-run.

19



BANCO DE ESPAÑA 22 DOCUMENTO DE TRABAJO N.º 2410

risk channel—may generate welfare gains and support financial stability. Further-
more, such a policy indirectly favors a green credit transition, pointing to the com-
plementarity between capital-basedmacroprudential policy and (fiscal) carbon tax
policies in reducing carbon emissions.

4.1 Introducing a Carbon Tax

We start by introducing a carbon tax τX that delivers a 35% reduction in carbon
emissions with respect to the level of the benchmark economy. This magnitude of
emissions reduction is in line with the European Commission’s 2030 Target Plan,
which sets climate goals for the period 2020-2030.34 Themain effects of introducing
a carbon tax in our benchmark economy are summarized in the column (CT) in
Table 2.

Through amarked increase in the price of energy, the carbon tax policy entails
sizable real economic costs in themedium run.35 The direct impact of introducing
a carbon tax is an increase in the price of fossil energy (+25%), which translates into
an increase in the final price of energy (+19%) due to the high share of fossil energy
in the energy composite. The price of low-carbon energy also experiences a small
increasemainly due to general equilibrium effects arising fromhigher demand for
low-carbon energy. As the economy substitutes —fossil for low-carbon— energy
inputs, the demand for fossil energy falls, bringing its share down from 80% to
68% in the new steady state. The total production of energy contracts, and so does
GDP due to the strong complementarity between energy and other intermediate
inputs.

On the financial stability side, the energy price risk channel in (25) plays a central
role: changes in energy prices spill over to the volatility of banks’ net returns to
investments in each economic sector. Such heightened volatility translates into
a heterogeneous increase in bank failure rates across banking sectors, pushing
the average bank failure rate in the economy close to 3%.36 At the same time, the
economy experiences a sizable reallocation of capital from the fossil to the low-
carbon energy sector. As the carbon tax affects the relative prices of fossil and

34The 2023 European Commission’s proposal sets a goal of cutting greenhouse emissions by at least 55% by 2030 with
respect to the 1990 emission levels. As of 2020, EUgreenhouse emissionshave alreadybeen reducedby 33.8%. The remaining
change in emissionsneeded is roughly 35%with respect to the 2020 levels. SeeEuropeanCommission (2023) formoredetails.

35In Appendix C.5 we quantitatively validate our model by checking that the reaction of GDP to a permanent increase in
the price of fossil resources aligns with the empirical evidence (Peersman and Van Robays, 2009, 2012).

36The implied failure rate aligns with the market expected default frequencies for European financial institutions, which
ranged between 3% and 5% before the implementation of Basel III, as documented by Mendicino et al. (2020).

20

low-carbon energy, it directly impacts returns to capital investments across these
sectors, which leads to a change in banks’ portfolio composition.37

Overall, our model predictions are consistent with other quantitative studies
establishing that the carbon transition entails output losses; for instance, the Eu-
ropean Central Bank (2023) predicts an interval of output losses across scenarios
ranging from 0 to -1.2% fall in GDP in 10 years —in Appendix C.6, we show that our
model delivers a fall of around 1%. Our analysis further illustrates that the green
transition may entail substantial risks for banks’ performance through the energy
price risk channel, especially for those banks with higher exposure to carbon-
intensive economic sectors.38

4.2 Optimal Capital Requirements with Carbon Tax

What is the role of bank capital regulation in addressing spillovers from imple-
menting a carbon tax policy? Here, we present the results from numerical simula-
tions addressing this question. In an economy with the same carbon tax policy as
in the previous subsection 4.1, we consider two possible capital-based macropru-
dential policies: (i) a general capital requirements (CT+GCR), where capital require-
ments are optimally adjusted symmetrically in all banking sectors and (ii) sectoral
capital requirements (CT+SCR), where capital requirements are optimally adjusted
asymetrically in each banking sector.

Our main finding is that optimally adjusting sectoral capital requirements is
welfare superior to adjusting general capital requirements in addressing height-
ened risks arising from carbon tax spillovers to the banking sector. Intuitively, the
heterogeneous spillover of risks across banking sectors —measured by banks’ fail-
ure rates— calls for heterogeneous capital requirements, in line with an asset risk-
based approach.39 Figure 1 shows changes in household welfare associated with
changes in sectoral capital requirements; in particular, household welfare is max-
imized when capital requirements for non-energy, fossil, and low-carbon energy

37Such predictions alignwith central banks and financial supervisors’ medium-run expectations (European Systemic Risk
Board, 2023; Hiebert and Monnin, 2023), i.e., implementing carbon emission reduction policies will lead to substantial
portfolio reallocation across economic activities.

38Dankert et al. (2018) review the empirical literaturemeasuring the financial performance of green and non-green assets.
Based on the documented risk-based evidence, the authors find that the current supervisory frameworkmay understate the
underlying risk behind asset exposures in climate-sensitive economic sectors.

39There is real-world evidence of differentiated levels of capital requirements for different economic sectors, although
not applied to address climate-related risks; for instance, corporate and housing loans have different treatment in Basel
regulations. See Section 4.3 for a discussion on how our simulation exercises could inform adapting the current capital-
based macroprudential tools to address climate-related risks.
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low-carbon energy, it directly impacts returns to capital investments across these
sectors, which leads to a change in banks’ portfolio composition.37

Overall, our model predictions are consistent with other quantitative studies
establishing that the carbon transition entails output losses; for instance, the Eu-
ropean Central Bank (2023) predicts an interval of output losses across scenarios
ranging from 0 to -1.2% fall in GDP in 10 years —in Appendix C.6, we show that our
model delivers a fall of around 1%. Our analysis further illustrates that the green
transition may entail substantial risks for banks’ performance through the energy
price risk channel, especially for those banks with higher exposure to carbon-
intensive economic sectors.38

4.2 Optimal Capital Requirements with Carbon Tax

What is the role of bank capital regulation in addressing spillovers from imple-
menting a carbon tax policy? Here, we present the results from numerical simula-
tions addressing this question. In an economy with the same carbon tax policy as
in the previous subsection 4.1, we consider two possible capital-based macropru-
dential policies: (i) a general capital requirements (CT+GCR), where capital require-
ments are optimally adjusted symmetrically in all banking sectors and (ii) sectoral
capital requirements (CT+SCR), where capital requirements are optimally adjusted
asymetrically in each banking sector.

Our main finding is that optimally adjusting sectoral capital requirements is
welfare superior to adjusting general capital requirements in addressing height-
ened risks arising from carbon tax spillovers to the banking sector. Intuitively, the
heterogeneous spillover of risks across banking sectors —measured by banks’ fail-
ure rates— calls for heterogeneous capital requirements, in line with an asset risk-
based approach.39 Figure 1 shows changes in household welfare associated with
changes in sectoral capital requirements; in particular, household welfare is max-
imized when capital requirements for non-energy, fossil, and low-carbon energy

37Such predictions alignwith central banks and financial supervisors’ medium-run expectations (European Systemic Risk
Board, 2023; Hiebert and Monnin, 2023), i.e., implementing carbon emission reduction policies will lead to substantial
portfolio reallocation across economic activities.

38Dankert et al. (2018) review the empirical literaturemeasuring the financial performance of green and non-green assets.
Based on the documented risk-based evidence, the authors find that the current supervisory frameworkmay understate the
underlying risk behind asset exposures in climate-sensitive economic sectors.

39There is real-world evidence of differentiated levels of capital requirements for different economic sectors, although
not applied to address climate-related risks; for instance, corporate and housing loans have different treatment in Basel
regulations. See Section 4.3 for a discussion on how our simulation exercises could inform adapting the current capital-
based macroprudential tools to address climate-related risks.
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Table 2: Carbon Tax and Optimal Capital Requirements

B CT CT + GCR CT + SCR

Non-Energy CR, ϕY . ∆bp. - - 145 142
Fossil CR, ϕF . ∆bp. - - 145 183
Low-Carbon CR, ϕL. ∆bp. - - 145 29

Carbon Emissions,%∆. - -35.3 -35.7 -36.0
Price of Fossil Energy,%∆. - 25.7 25.8 26.0
Price of Low-Carbon Energy,%∆. - 0.87 0.80 0.23
Price of Energy Bundle,%∆. - 19.2 19.3 19.3
Fossil Energy, ratio (%). 80.0 68.3 68.2 67.8

GDP,%∆. - -2.12 -2.19 -2.16
Welfare, cons. equivalent%∆. - -2.22 -2.03 -2.02

Fossil Bank Credit,%∆. - -21.2 -22.4 -23.5
Low-Carbon Bank Credit,%∆. - 62.4 62.9 72.0
NBFI, ratio (%). 20.3 23.9 24.5 24.2
Bank Failure, annual rate (%). 0.67 2.90 0.88 0.86

Note: the column B represents the benchmark economy. CT compares an economy with carbon taxes to the bench-
mark. CT + GCR compares an economy with carbon taxes and the level of general capital requirements that maxi-
mizes welfare to the benchmark. CT + SCR compares an economy with carbon taxes and the level of sectoral capital
requirements that maximizes welfare to the benchmark. ∆bp: denotes differences in basis points with respect to the
benchmark economy steady state with ϕF equal to 9.4%. %∆: represents the percentage change with respect to the
benchmark. Ratio (%): reports the ratio in the new steady state.

assets are increased to ϕY = 10.8, ϕF = 11.1, ϕL = 9.7, respectively. This implies
that the spillovers fromhigher energy pricesmainly require higher capital require-
ments in the loan exposures of the fossil energy (+183 bp) and the non-energy (+142
bp) sectors, see Table 2.40

The impact on the production sector. The economy with optimal sectoral cap-
ital requirements features an additional reduction in carbon emissions and lower
welfare losses compared to other policies. Reducing carbon emissions is costly

40Ourmodel’s predictions for sectoral capital requirements are in the same direction that the projections of the European
Systemic Risk Board (2023)’s calibration exercise, where the use of bank-specific SyRB for climate risk is evaluated using
stress test techniques. However, the magnitudes in our model tend to be higher due to second-round general equilibrium
effects.
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low-carbon energy, it directly impacts returns to capital investments across these
sectors, which leads to a change in banks’ portfolio composition.37

Overall, our model predictions are consistent with other quantitative studies
establishing that the carbon transition entails output losses; for instance, the Eu-
ropean Central Bank (2023) predicts an interval of output losses across scenarios
ranging from 0 to -1.2% fall in GDP in 10 years —in Appendix C.6, we show that our
model delivers a fall of around 1%. Our analysis further illustrates that the green
transition may entail substantial risks for banks’ performance through the energy
price risk channel, especially for those banks with higher exposure to carbon-
intensive economic sectors.38

4.2 Optimal Capital Requirements with Carbon Tax

What is the role of bank capital regulation in addressing spillovers from imple-
menting a carbon tax policy? Here, we present the results from numerical simula-
tions addressing this question. In an economy with the same carbon tax policy as
in the previous subsection 4.1, we consider two possible capital-based macropru-
dential policies: (i) a general capital requirements (CT+GCR), where capital require-
ments are optimally adjusted symmetrically in all banking sectors and (ii) sectoral
capital requirements (CT+SCR), where capital requirements are optimally adjusted
asymetrically in each banking sector.

Our main finding is that optimally adjusting sectoral capital requirements is
welfare superior to adjusting general capital requirements in addressing height-
ened risks arising from carbon tax spillovers to the banking sector. Intuitively, the
heterogeneous spillover of risks across banking sectors —measured by banks’ fail-
ure rates— calls for heterogeneous capital requirements, in line with an asset risk-
based approach.39 Figure 1 shows changes in household welfare associated with
changes in sectoral capital requirements; in particular, household welfare is max-
imized when capital requirements for non-energy, fossil, and low-carbon energy

37Such predictions alignwith central banks and financial supervisors’ medium-run expectations (European Systemic Risk
Board, 2023; Hiebert and Monnin, 2023), i.e., implementing carbon emission reduction policies will lead to substantial
portfolio reallocation across economic activities.

38Dankert et al. (2018) review the empirical literaturemeasuring the financial performance of green and non-green assets.
Based on the documented risk-based evidence, the authors find that the current supervisory frameworkmay understate the
underlying risk behind asset exposures in climate-sensitive economic sectors.

39There is real-world evidence of differentiated levels of capital requirements for different economic sectors, although
not applied to address climate-related risks; for instance, corporate and housing loans have different treatment in Basel
regulations. See Section 4.3 for a discussion on how our simulation exercises could inform adapting the current capital-
based macroprudential tools to address climate-related risks.
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Figure 1: Optimal Capital Requirements. ∆Welfare

Note: Household welfare levels for different combinations of {ϕF , ϕL} when ϕY = 10.8% is set at its optimal level.
Blue regions represent areas with low levels of welfare. Yellow regions represent areas with high levels of welfare.
The axis starts at the benchmark level of capital requirements. The dashed black line indicates increases in general
capital requirements. The blue asterisk corresponds to the optimum {ϕF , ϕL} = {11.1%, 9.7%}. Welfare is measured
in consumption equivalent units.

to the economy; despite this, when such a policy is coupled with SCRs, the econ-
omy experiences small positive gains on aggregate household consumption due to
a more resilient banking sector —the sources of the welfare gains shown in Figure
1. In contrast, implementing general capital requirementswould induce a stronger
contraction in GDP, leading to further welfare losses, as shown in Column CT+GCR
in Table 2.

The impact on financial stability. As risk in the banking sector rises, sectoral
capital requirements can safeguard financial stability at a lower cost for the econ-
omy. The energy price channel delivers a cross-sectoral (transversal) risk conta-
gion, implying that higher risk in the fossil energy sector, derived from introduc-
ing carbon taxes, spills over to other economic sectors. Our results, in Table 2,
show that sectoral capital requirements can reduce average bank failure rates even
further than general capital requirements as the policy can be tailored to address
energy risk spillovers into each banking exposure differentially.
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Table 2: Carbon Tax and Optimal Capital Requirements

B CT CT + GCR CT + SCR

Non-Energy CR, ϕY . ∆bp. - - 145 142
Fossil CR, ϕF . ∆bp. - - 145 183
Low-Carbon CR, ϕL. ∆bp. - - 145 29

Carbon Emissions,%∆. - -35.3 -35.7 -36.0
Price of Fossil Energy,%∆. - 25.7 25.8 26.0
Price of Low-Carbon Energy,%∆. - 0.87 0.80 0.23
Price of Energy Bundle,%∆. - 19.2 19.3 19.3
Fossil Energy, ratio (%). 80.0 68.3 68.2 67.8

GDP,%∆. - -2.12 -2.19 -2.16
Welfare, cons. equivalent%∆. - -2.22 -2.03 -2.02

Fossil Bank Credit,%∆. - -21.2 -22.4 -23.5
Low-Carbon Bank Credit,%∆. - 62.4 62.9 72.0
NBFI, ratio (%). 20.3 23.9 24.5 24.2
Bank Failure, annual rate (%). 0.67 2.90 0.88 0.86

Note: the column B represents the benchmark economy. CT compares an economy with carbon taxes to the bench-
mark. CT + GCR compares an economy with carbon taxes and the level of general capital requirements that maxi-
mizes welfare to the benchmark. CT + SCR compares an economy with carbon taxes and the level of sectoral capital
requirements that maximizes welfare to the benchmark. ∆bp: denotes differences in basis points with respect to the
benchmark economy steady state with ϕF equal to 9.4%. %∆: represents the percentage change with respect to the
benchmark. Ratio (%): reports the ratio in the new steady state.

assets are increased to ϕY = 10.8, ϕF = 11.1, ϕL = 9.7, respectively. This implies
that the spillovers fromhigher energy pricesmainly require higher capital require-
ments in the loan exposures of the fossil energy (+183 bp) and the non-energy (+142
bp) sectors, see Table 2.40

The impact on the production sector. The economy with optimal sectoral cap-
ital requirements features an additional reduction in carbon emissions and lower
welfare losses compared to other policies. Reducing carbon emissions is costly

40Ourmodel’s predictions for sectoral capital requirements are in the same direction that the projections of the European
Systemic Risk Board (2023)’s calibration exercise, where the use of bank-specific SyRB for climate risk is evaluated using
stress test techniques. However, the magnitudes in our model tend to be higher due to second-round general equilibrium
effects.
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Figure 1: Optimal Capital Requirements. ∆Welfare

Note: Household welfare levels for different combinations of {ϕF , ϕL} when ϕY = 10.8% is set at its optimal level.
Blue regions represent areas with low levels of welfare. Yellow regions represent areas with high levels of welfare.
The axis starts at the benchmark level of capital requirements. The dashed black line indicates increases in general
capital requirements. The blue asterisk corresponds to the optimum {ϕF , ϕL} = {11.1%, 9.7%}. Welfare is measured
in consumption equivalent units.

to the economy; despite this, when such a policy is coupled with SCRs, the econ-
omy experiences small positive gains on aggregate household consumption due to
a more resilient banking sector —the sources of the welfare gains shown in Figure
1. In contrast, implementing general capital requirementswould induce a stronger
contraction in GDP, leading to further welfare losses, as shown in Column CT+GCR
in Table 2.

The impact on financial stability. As risk in the banking sector rises, sectoral
capital requirements can safeguard financial stability at a lower cost for the econ-
omy. The energy price channel delivers a cross-sectoral (transversal) risk conta-
gion, implying that higher risk in the fossil energy sector, derived from introduc-
ing carbon taxes, spills over to other economic sectors. Our results, in Table 2,
show that sectoral capital requirements can reduce average bank failure rates even
further than general capital requirements as the policy can be tailored to address
energy risk spillovers into each banking exposure differentially.
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Theoptimal sectoral capital requirementpolicy indirectly supports a green credit
transition, i.e., credit reallocation towards the low-carbon energy sector. As en-
ergy exposures become riskier and capital requirements adjust upwards to miti-
gate such risks, banks switch credit from the relatively less attractive fossil energy
sector to the low-carbon energy sector; such a green credit transition is more pro-
nounced when SCRs are implemented. A key insight arises: Sectoral capital re-
quirements are superior to general capital requirements because they facilitate a
credit transition from the fossil to the low-carbon energy sector at a lower cost
to the economy.41 In contrast, increasing general capital requirements reduces the
speed of credit expansion into the low-carbon energy sector, which slows down the
green transition. This occurs because the size of the non-energy sector drives the
magnitude of the optimal increase in general capital requirements, which imposes
an overly high penalization on the low-carbon lending.

In sum, our results indicate that by pursuing financial stability, amacropruden-
tial authority can indirectly support, in themediumrun, a reallocationof resources
from the fossil sector to the low-carbon energy sector, even if that is not its primary
objective.

4.3 Policy Discussion

Adaptingcurrent capital-basedmacroprudential tools. Although existing cap-
ital requirements in the Basel III framework are not specifically designed to ad-
dress climate-related risks, our exercises shed light on how the framework can be
adapted to tackle them. Given the nature of risks posed by the climate transition —
long-term, non-cyclical, and possibly impacting an ample set of banks— the most
naturalmacroprudential tools to address spillovers into the financial sector are the
systemic risk buffers. For instance, in the context of the Euro Area, a general cap-
ital requirements policy can be interpreted as activating a general Systemic Risk
Buffer (SyRB) that applies to all banks and all exposures. In contrast, the sectoral
capital requirements map to activating a Systemic Risk Buffer that varies across
banks and/or sectoral exposures.42

41See Miguel et al. (2024) for recent evidence on the effect on lending of introducing capital assessment that includes
environmental risks. In line with our predictions, the authors find that, when accounting for those risks, affected banks
tend to reallocate their lending away from exposed sectors.

42The Systemic Risk Buffer (SyRB) is an existing tool within the regulatory space of the European Systemic Risk Board that
aims to address systemic risks that are not covered by the Capital Requirements Regulation or by the Counter-Cyclical buffer
(CCyB) or other buffers imposed to globally or systemically important institutions (G-SII/O-SII). The level of the SyRB may
vary across institutions or sets of institutions as well as across subsets of exposures.
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from the fossil sector to the low-carbon energy sector, even if that is not its primary
objective.

4.3 Policy Discussion

Adaptingcurrent capital-basedmacroprudential tools. Although existing cap-
ital requirements in the Basel III framework are not specifically designed to ad-
dress climate-related risks, our exercises shed light on how the framework can be
adapted to tackle them. Given the nature of risks posed by the climate transition —
long-term, non-cyclical, and possibly impacting an ample set of banks— the most
naturalmacroprudential tools to address spillovers into the financial sector are the
systemic risk buffers. For instance, in the context of the Euro Area, a general cap-
ital requirements policy can be interpreted as activating a general Systemic Risk
Buffer (SyRB) that applies to all banks and all exposures. In contrast, the sectoral
capital requirements map to activating a Systemic Risk Buffer that varies across
banks and/or sectoral exposures.42

41See Miguel et al. (2024) for recent evidence on the effect on lending of introducing capital assessment that includes
environmental risks. In line with our predictions, the authors find that, when accounting for those risks, affected banks
tend to reallocate their lending away from exposed sectors.

42The Systemic Risk Buffer (SyRB) is an existing tool within the regulatory space of the European Systemic Risk Board that
aims to address systemic risks that are not covered by the Capital Requirements Regulation or by the Counter-Cyclical buffer
(CCyB) or other buffers imposed to globally or systemically important institutions (G-SII/O-SII). The level of the SyRB may
vary across institutions or sets of institutions as well as across subsets of exposures.
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The analysis in section 4.2 provides suitable insights into adapting the scope of
current systemic risk buffers to address climate-related risks. Similar proposals
to our model’s sectoral capital requirements have been recently discussed in the
policy arena. The proposals suggest requiring additional capital for loans in eco-
nomic sectors that are more exposed to climate transition risks through the adap-
tation of macroprudential buffers.43 In practice, European countries have widely
used these buffers during the last decade to mitigate risks from external shocks,
regional exposures, and increasing exposures to specific economic sectors. For in-
stance, SyRBs have been implemented inNorway tomitigate commonexposures to
thepetroleumsector; Austria andDenmarkhave implemented SyRBs to address in-
dividual banks’ exposures to geographical risks; Sweden requires a buffer for large
institutions with a similar business model.44

Quantifying the impact of climate transition risks associated with carbon miti-
gationpolicies, like carbon taxes, in thefinancial sector remains amajor challenge.
In this line, the predictions of our dynamic general equilibrium model contribute
to the literature in two important aspects. First, it is a forward-looking modeling
approach to quantify climate risk spillovers into the banking sector (recall that
in the model, agents —households, firms, and banks— make dynamic, forward-
looking decisions). Second, our analysis captures feedback loops (second-round
effects) between the real and financial sectors, an essential aspect for calibrating
macroprudential policy.

Cross-country structural heterogeneity. An important question for policymak-
ers is how the magnitude of the optimal macroprudential policy might depend on
the structural parameters of a particular economy. Here, we brief on the main in-
sights fromAppendix C, where we do robustness exercises changing the structural
parameters —based on empirical moments from European countries— that gov-
ern the elasticity of substitution between fossil and clean energy inputs (φE), the
degree of complementarity between fossil resources and capital in the fossil en-
ergy sector (φF ), the weight of energy in the production of final goods (αE), and
the intensity of the energy price risk channel (βj).

An economy’s capacity to substitute fossil for low-carbon inputs (φE) plays a
central role in the climate change transition and transformation of the production

43The adaptation of macroprudential tools to address climate-related risk is an ongoing discussion recently addressed by
the European Systemic Risk Board (2023). See alsoHiebert andMonnin (2023), Monnin (2021), and Coelho and Restoy (2023)
for a more in-depth discussion.

44See Monnin (2021) for a detailed review of the use of the SRB since 2014 across Europe.
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sector towards clean technologies (Acemoglu et al., 2012; Golosov et al., 2014). In
the context of the Euro Area, there is substantial heterogeneity across countries in
their capacity to substitute energy inputs; the literature reports estimates for this
elasticity ranging between 1.5 to 5 (Mattauch et al., 2015; Jo andMiftakhova, 2022).
Consequently, the intensity of carbon policies will vary across countries—as some
can achieve emission reduction targets more quickly than others—and so does the
optimal macroprudential policy, see Appendix C.2. The main insight from these
exercises is that stronger capital requirement policies are needed to maintain fi-
nancial stability in economies with a low capacity to substitute fossil with clean
energy inputs. In such economies, capital requirements must act more forcefully
since higher carbon taxes are needed to achieve target emission reductions, gen-
erating larger energy price spikes and spillover risks into the banking sector.

The complementarity between fossil resources and fossil capital is another struc-
tural parameter of interest. As this parameter lacks empirical estimations, we per-
form a sensitivity analysis for values used in other quantitative works (Diluiso et al.
(2021); Coenen et al. (2023)). Nonetheless, our range of values factors in that as the
green transition evolves, advancements in fossil fuel extraction technology will
likely reduce fossil resources dependency, meaning that the fossil resources and
capital complementarity will likely weaken. Our analysis in Appendix C.3 shows
that our main conclusion on the use of sectoral capital requirements remains un-
changed; the implementation of carbon taxes pushes energy prices up in every al-
ternative economy. The optimal policy stands to increase the capital requirement
for fossil energy and non-energy exposures and, to a lesser extent, for the clean
energy sector.

We further explore the importance of energy weight in output production, αE,
see Appendix C.4. From 2013 to 2020, the energy share in intermediate input pro-
duction across economic industries varied significantly among countries; for in-
stance, Germany averaged 5% while Greece averaged 15% during the period. Our
previous findings remain robust for the αE values considered. The main highlight
is that optimal sectoral capital requirements tend to be higher in economies with
a larger reliance on energy. Intuitively, economies with a large energy sector have
a larger share of their banking sector assets exposed to carbon transition policies
and, hence, require higher capital requirements to shield against carbon transition
risks.

Lastly, in Appendix C.1, we investigate the intensity of the energy price risk
channel captured by βj —a structural parameter that defines the risk spillover of
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climate policies targeting carbon emissions in energy production to the financial
sector in our model. The analysis confirmed the soundness of our previous re-
sults. As anticipated, the higher the intensity of the pass-through of energy prices
to the volatility of banks’ net returns, the stronger the impact on financial stabil-
ity —measured by bank failure rates and the share of NBFI. Likewise, when the
pass-through is lower, the economy adapts to the carbon policy more easily, and a
smaller macroprudential intervention is required.

4.4 Bank Capital Requirements as a Climate Policy Tool

A relevant question in the academic and policy arenas is whether macropruden-
tial authorities could not only address climate-related financial risks (a goal within
their mandate) but also promote a faster transition to a green economy through
regulatory interventions in the credit market —a purpose beyond the macropru-
dential scope.45 This section presents a comparative static analysis to assess the
medium-run impact of increasing capital requirements to fossil exposure —also
known as fossil penalizing factor— to reduce carbon emissions in the absence of
carbon taxes.46

The main message is that capital requirements on their own have a limited im-
pact on reducing carbon emissions and generating an investment transition from
fossil to low-carbon energy production. In the credit market, introducing higher
capital requirements to banks’ fossil exposures induces a strong credit disinterme-
diation in the fossil energy sector, an expansion of non-banking intermediation in
the same sector, and an increase in the risk profile of other financial sectors. Such a
new financial structure has negative repercussions for the financial stability of the
entire banking sector. These observations point out the limitations of using capital-
basedmacroprudential policies in isolation to actively promote a green transition.

We explore the macro-financial effects of introducing a very high level of fos-
sil capital requirement that leads to a large disintermediation of the fossil banking
sector while leaving unchanged the capital requirements in non-energy and low-

45On the policy side, see the European Commission (2018a,b) Action Plan on Sustainable Growth, which proposes several
policies to actively reduce financing of polluting economic activities and favor the ones with low carbon emissions. On the
academic side, see Dafermos et al. (2018); Oehmke and Opp (2022) for theoretical assessments of brown penalizing and
green supporting capital requirement policies.

46We focus on assessing fossil capital requirements (as there is more empirical evidence documenting potential financial
risks from these exposures (Dankert et al., 2018)) instead of evaluating a reduction in capital requirements for green sectors.
There is less support for the latter policy due to the lack of evidence in risk differential between green and non-green assets
(Dankert et al., 2018; Neagu et al., 2024).
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medium-run impact of increasing capital requirements to fossil exposure —also
known as fossil penalizing factor— to reduce carbon emissions in the absence of
carbon taxes.46

The main message is that capital requirements on their own have a limited im-
pact on reducing carbon emissions and generating an investment transition from
fossil to low-carbon energy production. In the credit market, introducing higher
capital requirements to banks’ fossil exposures induces a strong credit disinterme-
diation in the fossil energy sector, an expansion of non-banking intermediation in
the same sector, and an increase in the risk profile of other financial sectors. Such a
new financial structure has negative repercussions for the financial stability of the
entire banking sector. These observations point out the limitations of using capital-
basedmacroprudential policies in isolation to actively promote a green transition.

We explore the macro-financial effects of introducing a very high level of fos-
sil capital requirement that leads to a large disintermediation of the fossil banking
sector while leaving unchanged the capital requirements in non-energy and low-

45On the policy side, see the European Commission (2018a,b) Action Plan on Sustainable Growth, which proposes several
policies to actively reduce financing of polluting economic activities and favor the ones with low carbon emissions. On the
academic side, see Dafermos et al. (2018); Oehmke and Opp (2022) for theoretical assessments of brown penalizing and
green supporting capital requirement policies.

46We focus on assessing fossil capital requirements (as there is more empirical evidence documenting potential financial
risks from these exposures (Dankert et al., 2018)) instead of evaluating a reduction in capital requirements for green sectors.
There is less support for the latter policy due to the lack of evidence in risk differential between green and non-green assets
(Dankert et al., 2018; Neagu et al., 2024).
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carbon energy banking sectors.47 For instance, Figure 7 in the Appendix B.2, shows
that the fossil-banking sector is largely disintermediated when setting ϕF = 50%;
which implies an equity funding of 50 cents per unit lent. Table 3 reports selected
statistics across three identically calibrated economies except for the degree of
substitution of energy inputs, which can be low, medium, or high. These exercises
provide insights into how capital requirements may enhance or hinder a green
transition through its effect on credit markets.

The impact on carbon emissions and the economy. Imposing very high capital
requirements on fossil assets has a limited impact on reducing carbon emissions.
In themedium run, introducing such an extreme policy could reduce carbon emis-
sions between 7%and 20%, depending on the degree of fossil-clean substitutability
in the economy. However, in all economies, energy prices increase substantially,
and energy production and output losses are well beyond those obtainedwhen car-
bon taxes are used in conjunction with capital requirements to reduce emissions
—compare results from Table 3 to Table 6 in the appendix.

Large fossil penalizing capital requirements induce a strong credit disinterme-
diation in the fossil energy sector and an expansion of NBFI in the same sector. Im-
portantly, we find that capital in the fossil energy sector does not experience a sim-
ilar contraction because NBFI expands to partially compensate for the loss of fossil
banking credit; see Table 3. Similar to our results in 4.3, a more pronounced green
credit transition occurs in economies with a higher degree of fossil-clean substitu-
tion. Despite this, the economy experiences a fall in fossil investment larger than
the respective expansion in the low-carbon energy sector. This outcome leads to
lower energy production, and since energy is necessary for producing final goods,
aggregate output also contracts.

The impactonfinancial stability. Astandalone fossil penalizing factor decreases
the financial stability of the banking system through two mechanisms: First, it in-
creases the average bank failure rate, leading to financial instability in the bank-
ing sector. Second, it generates an expansion of the non-banking financial sector,
whichmakes it harder formacroprudential policy to address climate-related finan-

47Our analysis is positive rather than normative. However, such a stringent capital requirement policy can be rationalized
as the optimal policy of a green prudential regulator (i.e., a planner that considers a linear welfare cost of the CO2 emissions
into her objective function) that has capital requirements as the only policy tool and aims to reduce the stock of carbon
emissions.
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Table 3: Effects of CR as a Climate Policy Tool

Elasticity of substitution fossil-clean φE = 1.5 φE = 3 φE = 5

Fossil CR, ϕF . 50 50 50

Carbon Emissions,%∆. -7.4 -12.3 -19.8
Price Fossil Energy,%∆. 17.4 17.4 17.4
Price Low-Carbon Energy,%∆. 0.45 0.44 0.42
Price Energy,%∆. 20.4 13.3 12.8
Fossil Energy, ratio (%). 76.2 71.9 65.4

GDP,%∆. -1.87 -1.71 -1.45

Fossil Bank Credit,%∆. -65.6 -70.7 -78.6
Low-Carbon Bank Credit,%∆. 12.0 43.9 92.5
NBFI, ratio (%). 32.0 31.8 31.5
Bank Failure, annual rate. 1.07 1.04 0.99

Note: All values are in percentage points. Each column reports statistics comparing the benchmark steady-sate
to the new steady-state, where capital requirements in the fossil sectorϕF equal 50%.∆bp: denotes differences
in basis points with respect to the benchmark economy steady state with ϕF equal to 9.4%.%∆: represents the
percentage change with respect to the benchmark. Ratio (%): reports the ratio in the new steady state.

cial risks.48

Paradoxically, although capital requirements increase, the banking sector does
not become safer. Two mechanisms are at play. The first mechanism implies a di-
rect effect from increasing fossil capital requirements to lowerbank failure rates by
making the fossil banking system more resilient. The second mechanism pushes
bank failure rates up through the energy price risk channel. Note that energy
production is disrupted as the fossil banking sector becomes smaller, causing the
prices of fossil and final energy to increase. Through the energy-price channel, net
returns become more volatile for banks —in all sectors— in response to increases
in energy prices, leading to higher bank failure rates across banking sectors. In
equilibrium, the second effect outweighs the first, and the average bank failure
rate is slightly higher than in the benchmark economy. Overall, banks experience
a rise in the average cost of capital due to tighter capital regulation, higher bank

48Oehmke andOpp (2022) arrives at similar conclusionswhenevaluating the effectiveness of imposinghigher fossil capital
requirements to discourage carbon-intensive activities in a stylized theoretical model of bank capital regulation.
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failure risk, and higher competition for household savings from the non-banking
sector.

The banking sector’s lower credit intermediation is the second aspect that de-
creases financial stability. Table 3 shows thatNBFI increases its share of total finan-
cial intermediation as fossil penalizing capital requirements increase. This growth
in market share arises almost exclusively from NBFI becoming the primary fund-
ing source of the fossil sector. This financial structure may deteriorate financial
stability; switching intermediation from the banking to the non-banking sector
makes it harder to address climate-related financial risk through bank capital reg-
ulation.

5 Transitional Dynamics

In this section, we investigate the macro-financial effects of the carbon transition
due to the introduction of a carbon tax. We first look at how the energy, financial,
and real sectors react to the carbon tax along the transition. Then, we investigate
the role of bank capital regulation in addressing spillovers from the carbon tax.

In the initial period (t = 0), the economy starts at the benchmark steady state
with no carbon tax. At the end of the second year (t = 8) the introduction of
a carbon tax is unexpectedly announced and its implementation path is fully re-
vealed.49 Two possible transition scenarios are explored: (i) a transition path from
our benchmark steady-state towards the Carbon Tax steady-state where capital re-
quirements stay at their benchmark values (9.4%) and (ii) a path from an economy
where sectoral capital requirements have been preventively increased to their op-
timal level found in Section 4.2 and transitioning towards theCarbon Tax + SCRfinal
steady-state.50

Transition in the real sector. Panel (a) in Figure 2 shows the realized path for
emissions associated with the implementation of carbon taxes in our transition ex-
ercises. The implied emission’s path is in linewith an orderly scenario from theNet-
work for Greening the Financial System (2021) intending to limit global warming

49This path is consistent with a 35% reduction in carbon emissions within ten years in line with our medium-run analy-
sis in Section 4.2. The transitions are implemented by solving non-linearly the equations that define the perfect foresight
equilibrium.

50Optimal sectoral capital requirements are introduced gradually during the first eight quarters before the carbon tax is
announced and implemented. This modality captures the common regulatory practice of allowing banks to adjust their
capital to the new required levels smoothly.
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to below 2oC by 2050.51 The carbon tax policy induces a remarkable transformation
of the energy sector as emissions are reduced. The carbon tax reflects directly in
the price increase of the fossil resource input needed for fossil energy production;
as it gradually rises, fossil energy becomes more expensive, the return to fossil
capital falls, and capital investment switches from the fossil to the low-carbon en-
ergy sector. Total energy production falls despite the investment expansion in the
low-carbon energy sector, as fossil energy production cannot be fully replaced.

Figure 2 also illustrates that the prudential intervention —dash red lines— has
no major impact on the energy sector dynamics, which are entirely driven by the
carbon tax. However, in panel (d) we observe a faster decrease (increase) in fos-
sil (low-carbon) energy demand consistent with the final steady state differences
observed in Section 4.

Figure 2: Carbon Transition: Energy sector

Note: %∆: represents the percentage change with respect to the initial steady state. %: represents shares. The
NGFS emission reduction path corresponds to the projections of Below 2ºC scenario in the REMIND-MAgPIE
3.2-4.6 model (Aboumahboub et al., 2020) for the EU-28.

51These scenarios assess risks related to the implementation of climate policies and climate-related physical risks that
affect the economy and the financial system.
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Transition in the financial sector. On the financial side —see Figure 3, imple-
menting a carbon tax has a negative impact, mainly on the fossil financial sector.
In year two, the credit portfolio in the fossil banking sector shrinks sharply upon
introducing the carbon tax because agents expect lower profitability in the fossil
energy sector. In contrast, credit is redirected toward the low-carbon energy sec-
tor, experiencing rapid growth during the ten years following the introduction of
the carbon tax —black continuous line in panel (b). The increase in energy prices
observed in Figure 2 triggers a gradual escalation in the average bank failure rate,
depicted by the black solid line in panel (c); through the energy price risk channel,
carbon taxes increase the risk not only in the fossil sector but also lead to spillovers
to the non-energy financial sector. The compound effect increases the average fi-
nancial risk across the entire banking sector.52

The red-dashed lines in Figure 3 show that the impact of carbon taxes on the
financial sector is cushioned in an economy with a more resilient banking sector
due to optimized sectoral capital requirements. Panel (c) shows how banks sustain
systematically lower failure rates throughout the entire transition. After ten years,
the banking sector is as robust —measured by failure rates— as it was at the begin-
ning of the transition and before the application of the prudential policy. This is
themain source of welfare gains in this economy, as households save on resources
from the costly liquidation of assets in case of bank failures. Another benefit of
implementing sectoral capital requirements in anticipation of the carbon tax is the
early reduction of bank lending to the fossil sector shown in panel (a), which con-
tinues smoothly by the time the carbon tax is activated. Although spare, there is
empirical evidence documenting that introducing capital requirements in antic-
ipation of environmental risk affects bank lending to the corporate sector in the
direction our model predicts (Miguel et al., 2024).

Importantly, although the increase in low-carbon capital requirements is small,
low-carboncredit falls—due to the complementarities between sectors in the econ-
omy— after the prudential intervention as shown in panel (b). Once the carbon tax
is introduced, low-carbon credit quickly recovers and ends up at a higher level than
in a scenario without prudential intervention in line with our results in Section 4.
This result is important because it entails a short-run cost for the green credit tran-
sition in exchange for long-run gains. Additionally, panel (d) shows how higher

52Our model’s predictions are in line with recent empirical evidence. Carbon taxes lead to lower fossil credit in the ju-
risdictions affected by it (Laeven and Popov, 2023). Moreover, Känzig (2023) shows that a tighter carbon pricing regime in
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to below 2oC by 2050.51 The carbon tax policy induces a remarkable transformation
of the energy sector as emissions are reduced. The carbon tax reflects directly in
the price increase of the fossil resource input needed for fossil energy production;
as it gradually rises, fossil energy becomes more expensive, the return to fossil
capital falls, and capital investment switches from the fossil to the low-carbon en-
ergy sector. Total energy production falls despite the investment expansion in the
low-carbon energy sector, as fossil energy production cannot be fully replaced.

Figure 2 also illustrates that the prudential intervention —dash red lines— has
no major impact on the energy sector dynamics, which are entirely driven by the
carbon tax. However, in panel (d) we observe a faster decrease (increase) in fos-
sil (low-carbon) energy demand consistent with the final steady state differences
observed in Section 4.

Figure 2: Carbon Transition: Energy sector

Note: %∆: represents the percentage change with respect to the initial steady state. %: represents shares. The
NGFS emission reduction path corresponds to the projections of Below 2ºC scenario in the REMIND-MAgPIE
3.2-4.6 model (Aboumahboub et al., 2020) for the EU-28.

51These scenarios assess risks related to the implementation of climate policies and climate-related physical risks that
affect the economy and the financial system.
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Transition in the financial sector. On the financial side —see Figure 3, imple-
menting a carbon tax has a negative impact, mainly on the fossil financial sector.
In year two, the credit portfolio in the fossil banking sector shrinks sharply upon
introducing the carbon tax because agents expect lower profitability in the fossil
energy sector. In contrast, credit is redirected toward the low-carbon energy sec-
tor, experiencing rapid growth during the ten years following the introduction of
the carbon tax —black continuous line in panel (b). The increase in energy prices
observed in Figure 2 triggers a gradual escalation in the average bank failure rate,
depicted by the black solid line in panel (c); through the energy price risk channel,
carbon taxes increase the risk not only in the fossil sector but also lead to spillovers
to the non-energy financial sector. The compound effect increases the average fi-
nancial risk across the entire banking sector.52

The red-dashed lines in Figure 3 show that the impact of carbon taxes on the
financial sector is cushioned in an economy with a more resilient banking sector
due to optimized sectoral capital requirements. Panel (c) shows how banks sustain
systematically lower failure rates throughout the entire transition. After ten years,
the banking sector is as robust —measured by failure rates— as it was at the begin-
ning of the transition and before the application of the prudential policy. This is
themain source of welfare gains in this economy, as households save on resources
from the costly liquidation of assets in case of bank failures. Another benefit of
implementing sectoral capital requirements in anticipation of the carbon tax is the
early reduction of bank lending to the fossil sector shown in panel (a), which con-
tinues smoothly by the time the carbon tax is activated. Although spare, there is
empirical evidence documenting that introducing capital requirements in antic-
ipation of environmental risk affects bank lending to the corporate sector in the
direction our model predicts (Miguel et al., 2024).

Importantly, although the increase in low-carbon capital requirements is small,
low-carboncredit falls—due to the complementarities between sectors in the econ-
omy— after the prudential intervention as shown in panel (b). Once the carbon tax
is introduced, low-carbon credit quickly recovers and ends up at a higher level than
in a scenario without prudential intervention in line with our results in Section 4.
This result is important because it entails a short-run cost for the green credit tran-
sition in exchange for long-run gains. Additionally, panel (d) shows how higher
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risdictions affected by it (Laeven and Popov, 2023). Moreover, Känzig (2023) shows that a tighter carbon pricing regime in
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shown to lead to lower bank performance in the fossil banking sector (Nasim et al., 2023; Nasim and Downing, 2023; Lee
and Lee, 2019).

32

Figure 3: Carbon Transition: Financial sector

Note: %∆: represents the percentage change with respect to the initial steady state.

capital requirements imply an initial fast growth of NBFI. However, the carbon tax
triggers a demand for bank credit to finance the green transition that dampens the
initial disintermediating effect of the macroprudential intervention. Overall, our
results show that a sectoral capital-based macroprudential policy can indirectly
support a faster credit transition while increasing financial stability.

Table 4 reports the differences between the two transition scenarios for selected
variables at various time horizons.53 In sum, preventively increasing sectoral cap-
ital requirements to their optimal medium-run level can build absorption capacity
in the banking sector to address financial risk spillovers coming from distortions
in the energy sector. Most importantly, optimal macroprudential policy indirectly
supports a transition towards a greener economy in the long-run —at the expense
of a credit contraction in the very short run— while supporting financial stability.
During the first years, higher sectoral capital requirements induces lower invest-

53Appendix C.6 provides complementary figures with the evolution of energy, financial, and real variables during the
carbon transition.
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omy— after the prudential intervention as shown in panel (b). Once the carbon tax
is introduced, low-carbon credit quickly recovers and ends up at a higher level than
in a scenario without prudential intervention in line with our results in Section 4.
This result is important because it entails a short-run cost for the green credit tran-
sition in exchange for long-run gains. Additionally, panel (d) shows how higher
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Figure 3: Carbon Transition: Financial sector

Note: %∆: represents the percentage change with respect to the initial steady state.

capital requirements imply an initial fast growth of NBFI. However, the carbon tax
triggers a demand for bank credit to finance the green transition that dampens the
initial disintermediating effect of the macroprudential intervention. Overall, our
results show that a sectoral capital-based macroprudential policy can indirectly
support a faster credit transition while increasing financial stability.

Table 4 reports the differences between the two transition scenarios for selected
variables at various time horizons.53 In sum, preventively increasing sectoral cap-
ital requirements to their optimal medium-run level can build absorption capacity
in the banking sector to address financial risk spillovers coming from distortions
in the energy sector. Most importantly, optimal macroprudential policy indirectly
supports a transition towards a greener economy in the long-run —at the expense
of a credit contraction in the very short run— while supporting financial stability.
During the first years, higher sectoral capital requirements induces lower invest-

53Appendix C.6 provides complementary figures with the evolution of energy, financial, and real variables during the
carbon transition.
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Table 4: Transitional effects of optimal capital requirements

Horizon (Year) 1 5 10 25 50

Fossil energy share a -0.11 -0.35 -0.44 -0.48 -0.53
Fossil bank creditb -16.8 -10.9 -6.1 -2.7 -2.2
Low-carbon bank credit b -37.2 -18.8 -4.6 7.5 9.32
NBFI a 22.5 12.9 5.69 0.85 0.35
Bank failure a -0.62 -1.07 -1.69 -1.93 -2.00
GDP b -1.23 -1.04 -0.63 -0.29 -0.05
Welfare b 0.46 -0.14 -0.34 0.04 0.18

Note: Each column represents the additional deviations (from the initial steady-state in the Benchmark) ex-
perienced in a given year in an economy implementing Carbon Tax + Optimal SCR compared to an economy
implementing Carbon Tax only. (a) Corresponds to percentage changes. (b) Corresponds to absolute differ-
ences. All numbers are in percentage points.

ment; however, in the following years, the benefits of capital requirements become
tangible through lower bank failure rates, higher credit towards the low-carbon en-
ergy sector, and overall welfare gains in the long run.

6 Concluding Remarks

Achieving net zero carbon emission targets in the following years will likely re-
quire fast and intense climate policy interventions. In this context, central banks
and prudential regulators might become key players in ensuring the stability of
the financial system while not hindering a transition towards a greener economy.
By analyzing the interactions between climate policy, energy price risks, financial
frictions, and bank capital regulation within our model, we provide valuable in-
sights for adapting the current macroprudential policy toolkit to address climate-
related financial risks.

We build a DSGE model with two distinct features: an energy sector subject
to climate policy and a financial sector with banks and non-banks intermediat-
ing sectoral capital. Importantly, through the energy price risk channel, climate
policy affecting energy prices directly impacts banks’ performance and, therefore,
financial stability. By simulating the introduction of a carbon tax aligned with Eu-
ropean carbon emission reduction targets, we find complementarities between cli-
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mate policy and macroprudential policy. In particular, increasing capital require-
ments (asymmetrically) in proportion to the risk borne by a bank’s exposures to
energy price risks enhances financial stability by reducing bank failure rates and
indirectly supporting a green credit transition.

Our analysis underscores that bank capital requirements, on their own, are not
an ideal tool to promote a transition to a green economy. Instead, by focusing on
maintaining a resilient banking system, they indirectly support carbon policies
through their complementary effects on credit markets. These complementari-
ties highlight the importance of coordination between fiscal and macroprudential
authorities to optimally lessenwelfare costs along the transition to a greener econ-
omy —a relevant insight for policy design.

Despite its tractability, our model has some limitations. By not including a cli-
mate externality, our results compare to a benchmark where no climate action is
taken, and there are no costs from climate change. In that sense, our results can
be interpreted as a lower bound for the potential complementarities between cli-
mate and macroprudential policies. Our analysis also highlights the need for fur-
ther research on the energy price risk channel; further empirical estimates of the
elasticity of banks’ portfolio returns to energy prices, particularly across different
EU economies, can help to better inform capital-based macroprudential decisions
—which are set a national level.
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Appendix

A Analytical Appendix

A.1 Capital Producing Firms

At the endof eachperiod, competitive capital producers in each sector j ∈ {Y, L, F}
buy capital from intermediate goods producing firms, repair capital depreciated at
rate δj, and build new one. Once production is done they sell everything. There-
fore, capital evolves according to

Kj,t+1 = Ij,t + (1− δj)Kj,t (A.1)

Capital producers face quadratic investment adjustment costs54, with parame-
ter ϱj, when producing new capital. They solve the following profit maximization
problem:

max
Ij,t

Et

∞∑
t=0

βtΛt+1

{
Qj,tIj,t −

[
1 +

ϱj
2

(
Ij,t
Ij,t−1

− 1

)2
]
Ij,t

}
, (A.2)

where, as previously introduced, Qj,t is the value of a unit of new capital.

A.2 Capital Management Firms

There is a measure-one continuum of firms managing households direct capital
investments SH

j,t at a fee zj,t. These firms face a quadratic cost function with pa-
rameter ζj.55 Under perfect competition, maximizing profits implies the following
equilibrium fees for each unit of capital managed

zj,t = ζjS
H
j,t j ∈ {Y, L, F} (A.3)

A.3 Market Clearing

Market equilibrium is achieved when the bond market, capital market, loan mar-
ket, deposit market, and goods markets clear. A detail account of these conditions

54Notice that outside the steady stateQj,t > 1 due to the adjustment costs. This generates endogenous variation in asset
prices due to aggregate shocks.

55These costs may reflect marginally increasing screening costs or other costs of expanding their portfolios, such as com-
peting more fiercely to attract clients.
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can be found in Appendix A.5.
Finally, the resource constraint of the economy is given by the sum of private

consumption, public consumption, and private investments net of capital adjust-
ments, capital management and bank failure costs:

Ỹt =Ct +Gt +
∑
j

Ij,t +
∑
j

γj
2

(
Ij,t
Ij,t−1

− 1

)2

Ij,t

+
∑
j

ζj
2
(SH

j,t)
2 +

∑
j

µGj,t(ωj,t)Rj,tQj,t−1S
B
j,t−1

(A.4)

A.4 Bank’s Asset Return Risk

Following Bernanke et al. (1999) we assume that idiosyncratic shocks to banks’
portfolio returns are log-normally distributed:

ωj,t ∼ logN (−
σ̃2
j,t

2
, σ̃2

j,t), j ∈ {Y, F, L} . (A.5)

with CDF and PDF denoted as Fj and fj, respectively, with mean E[ωj,t] = 1 and
standard deviation σ̃j,t given by (25).

We define some useful objects; first, the gross share of the bank’s assets that
goes to the bankers Γj,t+1(ω̄j,t+1) after taking into account banks’ failures:

Γj(ωj,t) =

∫ ωj,t

0

ωdFj(ω) + ωj,t

∫ ∞

ωj,t

dFj(ω) (A.6)

= Φ

(
log(ωj,t)−

σ̃2
j,t

2

σ̃j,t

)
+ ωj,t

[
1− Φ

(
log(ωj,t) +

σ̃2
j,t

2

σ̃j,t

)]
(A.7)

and

Gj(ωj,t) =

∫ ωj,t

0

ωdFj(ω) = Φ

(
log(ωj,t)−

σ̃2
j,t

2

σ̃j,t

)
(A.8)

where Φ is the CDF of the standard normal distributionN (0, 1).
The expected share of assets belonging to banks is E[max{ωj,t+1 − ω̄j,t+1, 0}] =

45
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1− Γj,t+1(ω̄j,t+1). This last object is useful to rewrite (19) as:

max [ωj,t+1 − ωj,t+1, 0]Rj,t+1
NWj,t

ϕj,t

=

[∫ ∞

ωj,t+1

ωj,t+1fj (ωj,t+1) dωj,t+1 − ωj,t+1

∫ ∞

ωj,t+1

fj (ωj,t+1) dωj,t+1

]

×Rj,t+1
NWj,t

ϕj,t

.

Then, using thedefinitions in (A.6) and (A.8) leads to (23). Bankers’ returnonequity
can be expressed as a function of the return on the asset and the regulatory capital
requirement net of expected default losses:

ρj,t+1 = [1− Γj,t+1 (ωj,t+1)]
Rj,t+1

ϕj,t

(A.9)

Also, given that bank failures entail liquidations and repossession costs µ, the
net share of assets that accrues to bankers is Γj,t+1(ω̄j,t+1)− µjGj,t+1(ω̄j,t+1). On the
fiscal side, net losses for the deposit insurance scheme in each banking sector are:

Ωj,t = [ωj,t − Γj,t(ωj,t) + µjGj,t(ωj,t)]
Rj,t

1− ϕj,t

, j ∈ {Y, L, F}.

Finally, the aggregate losses to depositors across all bank classes amount to:

Ωt =
∑
j

Dj,t−1

Dt−1

Ωj,t.
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Rj,t+1

ϕj,t

(A.9)

Also, given that bank failures entail liquidations and repossession costs µ, the
net share of assets that accrues to bankers is Γj,t+1(ω̄j,t+1)− µjGj,t+1(ω̄j,t+1). On the
fiscal side, net losses for the deposit insurance scheme in each banking sector are:

Ωj,t = [ωj,t − Γj,t(ωj,t) + µjGj,t(ωj,t)]
Rj,t

1− ϕj,t

, j ∈ {Y, L, F}.

Finally, the aggregate losses to depositors across all bank classes amount to:

Ωt =
∑
j

Dj,t−1

Dt−1

Ωj,t.
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A.5 Model Equations

Households.

Ct + Bt +Dt +
∑
j

(Qj,t + zj,t)S
H
j,t

= WtLt +Rt−1Bt−1 + R̃D
t Dt−1 +

∑
j

Rj,tS
H
j,t−1 − Tt +Πt

(A.10)

C−ς
t = λt, (A.11)

ηLν
t = λtWt, (A.12)

Et [Λt+1Rt+1] = 1 (A.13)

Et

[
Λt+1R̃

D
t+1

]
= 1 (A.14)

Et

[
Λt+1

Qj,t

Qj,t + zj,t
Rj,t+1

]
= 1, j ∈ {Y, L, F} (A.15)

Λt+1 = β
λt+1

λt

(A.16)

R̃D
t = RD

t−1 − (1− κ)Ωt (A.17)

Πt = ΠX
t +ΠB

t +ΠK
t +ΠH

t (A.18)
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Final goods producers.

Ỹt =

[
(1− αE)

1/φY Y
(φY −1)

φY

t + α
1/φY

E E
(φY −1)

φY

t

] φY

(φY −1)

(A.19)

Yt = AY (KY,t)
αY (Lt)

1−αY (A.20)

Et =

[
(1− αF )

1/φEE
(φE−1)

φE

L,t + α
1/φE

F E
(φE−1)

φE

F,t

] φE

(φE−1)

(A.21)

Wt = Ỹ
1

φY

t (1− αE)
1

φY Y
(φY −1)

φY

t (1− αY )
1

Lt

(A.22)

Et = αE

(
PEY ,t

Pt

)−φY

Yt (A.23)

EL,t = (1− αF )

(
PEL,t

PEY ,t

)−φE

(A.24)

EF,t = αF

(
PEF ,t

PEY ,t

)−φE

(A.25)

RY,t+1 =
(QY,t+1 − δY ) +

WtLt
αY

1−αY

KY,t+1

QY,t

(A.26)
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Energy producers.

EL,t = ALKL,t (A.27)

RL,t+1 =
(QL,t+1 − δL) +

PEL,t+1

Pt+1

EL,t+1

KL,t+1

QL,t

(A.28)

EF,t =

[
(1− αX)

1/φF (AFKF,t)
(φF −1)

φF + α
1/φF

X X
(φF −1)

φF

F,t

] φF

(φF −1)

(A.29)

RF,t+1 =
(QF,t+1 − δF ) +

PEF ,t+1

Pt+1

E
1/φF
F,t+1α

1/φF
X (AFKF,t)(φF −1)/φF

KF,t+1

QF,t

(A.30)

PX,t + τX,t =
PEF ,t

Pt

E
1/φF

F,t α
1/φF

X X
−1/φF

F,t (A.31)

ΠX
t = PX,tXF,t (A.32)

Bankers.

Vt = vtNWt (A.33)

ΛB
t+1 = Λt+1 [(1− θ) + θvt+1] (A.34)

Et

[
ΛB

t+1ρY,t+1

]
= Et

[
ΛB

t+1ρF,t+1

]
= vt (A.35)

Et

[
ΛB

t+1ρF,t+1

]
= Et

[
ΛB

t+1ρL,t+1

]
= vt (A.36)

NWt+1 = θ

(∑
j

ρj,t+1NWj,t

)
+ ιt (A.37)

ιt = χ (1− θ)

(∑
j

ρj,t+1NWj,t

)
(A.38)

ΠB
t = (1− χ)(1− θ)

(∑
j

ρj,t+1NWj,t

)
(A.39)
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Banks.

Qj,tS
B
j,t = NWj,t +Dj,t, j ∈ {Y, L, F} (A.40)

ϕj,t =
NWj,t

Qj,tSB
j,t

, j ∈ {Y, L, F} (A.41)

ωj,t+1 = (1− ϕj,t)
RD

t

Rj,t+1

, j ∈ {Y, L, F} (A.42)

ρj,t+1 = [1− Γj,t+1 (ωj,t+1)]
Rj,t+1

ϕj,t

, j ∈ {Y, L, F} (A.43)

Γj(ωj,t) =

∫ ωj,t

0

ωdFj(ω) + ωj,t

∫ ∞

ωj,t

dFj(ω)

= Φ

(
log(ωj,t)−

σ̃2
j,t

2

σ̃j,t

)
+ ωj,t

[
1− Φ

(
log(ωj,t) +

σ̃2
j,t

2

σ̃j,t

)]
, j ∈ {Y, F, L}

(A.44)

Gj(ωj,t) =

∫ ωj,t

0

ωdFj(ω) = Φ

(
log(ωj,t)−

σ̃2
j,t

2

σ̃j,t

)
, j ∈ {Y, F, L} (A.45)

σ̃j,t = σj[PEj ,t]
βj , j ∈ {Y, F, L} (A.46)

Capital producing firms.

Qj,t = 1 +
ϱj
2

(
Ij,t
Ij,t−1

− 1

)2

+ ϱj

(
Ij,t
Ij,t−1

− 1

)
Ij,t
Ij,t−1

− EtβΛt+1ϱj

(
Ij,t+1

Ij,t
− 1

)(
Ij,t+1

Ij,t

)2

, j ∈ {Y, L, F}

(A.47)

Kj,t+1 = Ij,t + (1− δj)Kj,t, j ∈ {Y, L, F} (A.48)

ΠK
t =

∑
j

{
Qj,tIj,t −

[
1 +

ϱj
2

(
Ij,t
Ij,t−1

− 1

)2
]
Ij,t

}
(A.49)
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Capital management firms.

ΠH
t =

∑
j

{
zj,tS

H
j,t −

ζj
2

(
SH
j,t

)2} (A.50)

zj,t = ζjS
H
j,t, j ∈ {Y, L, F} (A.51)

Public sector.

Ωj,t = [ωj,t − Γj,t(ωj,t) + µjGj,t(ωj,t)]
Rj,t

1− ϕj,t

, j ∈ {Y, L, F} (A.52)

Ωt =
∑
j

Dj,t−1

Dt−1

Ωj,t (A.53)

TDIS
t = κΩtDt−1 (A.54)

Bt + Tt = TDIS
t +Gt − τX,tXt −RtBt−1 (A.55)

Market clearing.

Bt = 0 (A.56)

Kj,t+1 = SB
j,t + SH

j,t, j ∈ {Y, L, F} (A.57)

Dt =
∑
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∑
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B Quantitative Appendix

B.1 Optimal Capital Requirements in the Benchmark Economy

Figure 4: Optimal Capital Requirements: Welfare

The level of capital requirements is the same for all sectors in our benchmark
calibration; this resembles the current homogeneous capital requirement applied
uniformly to all banks; we label this policy general capital requirements. To keep
consistency in the calibration, we assume that our banking sectors start with the
same level of risk and no return premium between sectors—recall that bankers’
non-arbitrage conditions (16) and (17) imply that individual equity returns across
banking sectors are equalized. Thus, we start the economy at a general capital ratio
of 8% (minimum regulatory capital according to Basel III) consistent with bank
failure rates of 2.75% and compute the optimal general CR by targeting an average
bank failure rate of 0.67%, which results in the 9.4%—the number reported for the
benchmark calibration.

Figure 4 illustrates households’ welfare for a sequence of general capital require-
ments, ϕ, in steady state. The blue asterisk represents the benchmark economy
with a general capital requirement set at 9.4%, which maximizes welfare. Figure 5
shows similar comparative statics for othermacroeconomic aggregates. Starting at
ϕ equal to 8%, increasing general capital requirements to 9.4% leads to a decrease
in bank credit, accompanied by a corresponding increase in NBFI. The average
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bank failure rate in the economy drops from 2.75% to 0.67%. The reduction in the
associated costs of bank failure boosts consumption. This rise in consumption,
outweighs the slowdown in credit and drives the optimality of general capital re-
quirements.

Figure 5: Optimal Capital Requirements: Financial Sector
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B.2 Capital Requirements as a Climate Policy Tool

Figure 6: Medium-Run Effects of Fossil CR: Real Variables

Note: Each panel shows three dashed lines corresponding to economies with different elasticity of substitution between
fossil and low-carbon energy inputs, φE . Each line represents an economy’s steady-state values for a sequence of capital
ratios in the fossil sector,ϕF , represented in the x-axis. The dashed vertical line represents the benchmark economy’s steady
state where ϕF = 9.4%.
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Figure 7: Medium-Run Effects of Fossil CR: Financial Variables

Note: Each panel shows three dashed lines corresponding to economies with different elasticity of substitution between
fossil and low-carbon energy inputs, φE . Each line represents an economy’s steady-state values for a sequence of capital
ratios in the fossil sector,ϕF , represented in the x-axis. The dashed vertical line represents the benchmark economy’s steady
state where ϕF = 9.4%.
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C Robustness Exercises

C.1 The energy price risk channel

An important determinant of how climate policies targeting the energy sector af-
fect the financial sector in our model is the intensity of the energy price risk chan-
nel. Table 5, the risk pass-through from the real energy sector to the financial sec-
tor is captured by βj. Our benchmark scenario is the middle column (βj = 1).
As anticipated, the higher the intensity in the pass-through of energy prices to the
volatility of banks’ net returns (βj = 1.5), the stronger the impact in financial stabil-
ity —measured by bank failure rates and the share of NBFI. This calls for a stronger
prudential intervention. The opposite argument follows through for a lower inten-
sity (βj = 0.5).

Table 5: Optimal CR under different energy price risk intensity

Intensity βj = 0.5 βj = 1 βj = 1.5

B CT CT+SCR CT CT+SCR CT CT+SCR

Non-Energy CR, ϕY . ∆bp. 9.4 - 66 - 142 - 226
Fossil CR, ϕF . ∆bp. 9.4 - 88 - 172 - 286
Low-Carbon CR, ϕL. ∆bp. 9.4 - 37 - 29 - 20

Carbon Emissions,%∆. - -35.4 -35.7 -35.3 -36.0 -35.0 -36.4
Price Fossil Energy,%∆. - 25.4 25.6 25.7 26.0 26.1 26.5
Price Low-Carbon Energy,%∆. - 0.29 0.22 0.87 0.23 1.90 0.24
Price Energy,%∆. - 18.8 19.0 19.2 19.3 19.9 19.6
Fossil Energy, ratio (%). 80.0 68.1 68.0 68.3 67.8 68.3 67.5

GDP,%∆. - -1.86 -1.93 -2.12 -2.16 -2.50 -2.41
Welfare, cons. equivalent%∆. - -1.89 -1.85 -2.17 -1.98 -2.65 -2.13

Fossil Bank Credit,%∆. - -20.5 -21.6 -21.2 -23.5 -22.1 -25.4
Low-Carbon Bank Credit,%∆. - 69.7 71.1 62.4 72.0 48.9 72.9
NBFI, ratio (%). 20.3 21.9 22.5 23.9 24.2 27.4 28.6
Bank Failure, annual rate. 0.67 1.44 0.75 2.90 0.86 5.49 1.01

Note: All values are in percentage points. B column represent the benchmark economy. CT compares the benchmark steady-sate to the new economy
with carbon taxes. CT + SCR compares the benchmark steady-state to the new economy with carbon taxes and optimal capital requirements. ∆bp:
denotes differences in basis points with respect to the benchmark economy steady state with ϕF equal to 9.4%. %∆: represents the percentage
change with respect to the benchmark. Ratio (%): reports the ratio in the new steady state.
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C.2 Energy inputs substitutability

The literature has established that the elasticity of substitution between fossil and
low-carbon inputsmustnecessarily be greater than 1 to favor green long-rungrowth
(i.e. long-termgrowth sustainedby low-carbon technologies). Moreover, the larger
the degree of substitutability between fossil and low-carbon inputs, the faster the
economy can transition to such a structure (Acemoglu et al., 2012). Estimates for
this elasticity usually range between 1.5 to 5 depending on the selected sample and
the data used, see Papageorgiou et al. (2017); Jo and Miftakhova (2022). Table 6
reports selected steady-state statistics for economies with low, medium, and high
elasticity of substitutionbetween fossil and low-carbonenergy inputs. Tokeep con-
sistency with our previous simulations, in each economy, we consider an increase
in carbon taxes that delivers a 35% emissions reduction and the optimal level of
sectoral capital requirements that maximizes welfare.56

Table 6: Optimal Capital Requirements and energy input substitutability

Low Medium High
Elasticity of substitution fossil-clean φE = 1.5 φE = 3 φE = 5

Non-Energy CR, ϕY . ∆bp. 190 142 103
Fossil CR, ϕF . ∆bp. 254 172 119
Low-Carbon CR, ϕL. ∆bp. 0 29 58

Carbon Emissions,%∆. -35.9 -36.0 -35.9
Price of Fossil Energy,%∆. 34.3 26.0 19.2
Price of Low-Carbon Energy,%∆. 0.11 0.23 0.35
Price of Energy Bundle,%∆. 26.2 19.3 13.9
Fossil Energy, ratio (%). 72.8 67.8 63.7

GDP,%∆. -3.11 -2.16 -1.40

Fossil Bank Credit,%∆. -19.5 -23.5 -26.7
Low-Carbon Bank Credit,%∆. 31.0 72.0 104.5
NBFI, ratio (%). 25.7 24.2 23.1
Bank Failure, annual rate. 0.94 0.86 0.81

Note: All values are in percentage points. φE indicates the elasticity of substitution between fossil and low-carbon energy inputs in
each economy. Each columncompares the benchmark steady-state to theneweconomywith carbon taxes achieving a 35%emissions
reduction and the level of sectoral capital requirements that maximizes welfare. ∆bp: denotes differences in basis points with
respect to the benchmark economy steady state with ϕF equal to 9.4%. %∆ : represents the percentage change with respect to
the benchmark. Ratio (%) : reports the ratio in the steady of the new economy.

56To facilitate comparison across economies, in Table 6, we present the economywithmedium elasticity, φE = 3 (bench-
mark calibration), which is also reported in column (CT+SCR) in Table 2
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C.2 Energy inputs substitutability

The literature has established that the elasticity of substitution between fossil and
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(i.e. long-termgrowth sustainedby low-carbon technologies). Moreover, the larger
the degree of substitutability between fossil and low-carbon inputs, the faster the
economy can transition to such a structure (Acemoglu et al., 2012). Estimates for
this elasticity usually range between 1.5 to 5 depending on the selected sample and
the data used, see Papageorgiou et al. (2017); Jo and Miftakhova (2022). Table 6
reports selected steady-state statistics for economies with low, medium, and high
elasticity of substitutionbetween fossil and low-carbonenergy inputs. Tokeep con-
sistency with our previous simulations, in each economy, we consider an increase
in carbon taxes that delivers a 35% emissions reduction and the optimal level of
sectoral capital requirements that maximizes welfare.56
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Low Medium High
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reduction and the level of sectoral capital requirements that maximizes welfare. ∆bp: denotes differences in basis points with
respect to the benchmark economy steady state with ϕF equal to 9.4%. %∆ : represents the percentage change with respect to
the benchmark. Ratio (%) : reports the ratio in the steady of the new economy.

56To facilitate comparison across economies, in Table 6, we present the economywithmedium elasticity, φE = 3 (bench-
mark calibration), which is also reported in column (CT+SCR) in Table 2
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Economies with low substitution capacity between fossil and low-carbon en-
ergy inputs require higher carbon taxes to achieve the desired emission reduction
target. Higher carbon taxes imply higher energy prices and a stronger contraction
of GDP than in an economy with medium fossil-low-carbon substitution capacity
—the one presented in section 4.2. The energy price risk channel induces stronger
spillovers into the financial sector reflecting on a higher average bank failure rate.
As banking intermediation falls in the fossil sector, non-banking financial inter-
mediation grows, reaching one-fourth of the credit in the economy.

Macroprudential policybecomesmore forceful, reflectinghigher spillovers from
the real sector to the banking sector through the energy price risk channel; the op-
timal sectoral capital requirement increases in the fossil banking sector and in the
non-energy banking sector. Despite this, the banking sector settles at a marginally
higher average bank failure rate. This pattern arises due to the difficulty of the
economy in substituting energy inputs; although the fossil banking sector is disin-
termediated at a similar rate to other scenarios, credit flows into the low-carbon-
energy sector at a slower rate. This result is similar to the one obtained by Oehmke
andOpp (2022), who find that a combination of additional capital requirements for
fossil exposures and relatively lower capital for green sectors might be optimal in
certain scenarios.
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Economies with low substitution capacity between fossil and low-carbon en-
ergy inputs require higher carbon taxes to achieve the desired emission reduction
target. Higher carbon taxes imply higher energy prices and a stronger contraction
of GDP than in an economy with medium fossil-low-carbon substitution capacity
—the one presented in section 4.2. The energy price risk channel induces stronger
spillovers into the financial sector reflecting on a higher average bank failure rate.
As banking intermediation falls in the fossil sector, non-banking financial inter-
mediation grows, reaching one-fourth of the credit in the economy.

Macroprudential policybecomesmore forceful, reflectinghigher spillovers from
the real sector to the banking sector through the energy price risk channel; the op-
timal sectoral capital requirement increases in the fossil banking sector and in the
non-energy banking sector. Despite this, the banking sector settles at a marginally
higher average bank failure rate. This pattern arises due to the difficulty of the
economy in substituting energy inputs; although the fossil banking sector is disin-
termediated at a similar rate to other scenarios, credit flows into the low-carbon-
energy sector at a slower rate. This result is similar to the one obtained by Oehmke
andOpp (2022), who find that a combination of additional capital requirements for
fossil exposures and relatively lower capital for green sectors might be optimal in
certain scenarios.
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C.3 Fossil inputs complementarity

Production of fossil energy requires complementarity (φF < 1) between fossil cap-
ital and fossil natural resources. In this section, we study howoptimal sectoral cap-
ital requirements change when this degree of complementarity becomes stronger
(φF → 0) or weaker (φF → 1). To keep consistency with our previous simulations,
in each economy, we consider an increase in carbon taxes that delivers a 35% emis-
sions reduction and the optimal level of sectoral capital requirements that maxi-
mizes welfare.57 Table 7 shows that the main conclusion in section 4 on the use
of sectoral capital requirements remains unchanged; implementing carbon taxes
pushes energy prices up in every alternative economy. Themagnitudes of changes
in capital requirements adjust accordingly. Still, the optimal policy stands to in-
crease the capital requirement for fossil energy and non-energy exposures and, to
a lesser extent, for the low-carbon energy sector.

Table 7: Optimal Capital Requirements and fossil input complementarity

Complementarity of fossil resources High Medium Low
and capital φF = 0.1 φF = 0.3 φF = 0.5

Non-Energy CR, ϕY . ∆bp. 195 142 109
Fossil CR, ϕF . ∆bp. 298 172 142
Low-Carbon CR, ϕL. ∆bp. 38 29 22

Carbon Emissions,%∆. -36.8 -36.0 -35.7
Price Fossil Energy,%∆. 36.8 26.0 20.2
Price Low-Carbon Energy,%∆. 0.30 0.23 0.18
Price Energy,%∆. 26.3 19.3 15.3
Fossil Energy, ratio (%). 62.6 67.8 70.8

GDP,%∆. -3.09 -2.16 -1.57

Fossil Bank Credit,%∆. -36.8 -23.5 -15.0
Low-Carbon Bank Credit,%∆. 101 72.0 56.1
NBFI, ratio (%). 25.9 24.2 23.3
Bank Failure, annual rate. 0.96 0.86 0.81

Note: All values are in percentage points. φF indicates the elasticity of substitution between fossil capital and fossil natural resources in each
economy. Each column compares the benchmark steady-state to the new economy with carbon taxes achieving a 35% emissions reduction and the
level of sectoral capital requirements that maximizes welfare. ∆bp: denotes differences in basis points with respect to the benchmark economy
steady state withϕF equal to 9.4%.%∆: represents the percentage change with respect to the benchmark. Ratio (%): reports the ratio in the new
steady state.

57To facilitate comparison across economies, in Table 7, we present the economy with medium φF = 0.3 (benchmark
calibration), which is also reported in column (CT+SCR) in Table 2.
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C.4 Energy weight of final output

Wefurther explore the importanceof energyweight in goodsproduction,αE. From
2013 to 2020, the energy share in intermediate input production across economic
industries averaged 7% for the EuropeanUnion.58 Nonetheless, the share of energy
as intermediate input varies significantly among countries; for instance, Germany
averaged 5% while Greece averaged 15% during the period.59 In the real sector,
we observe that economies with higher reliance on the energy sector experience
higher GDP losses when carbon taxes are introduced. In the financial sector, the
main highlight is that sectoral capital requirements tend to be higher in economies
with a larger reliance on energy, see Table 8. Intuitively, economies with a large
energy sector have a larger share of their banking sector assets exposed to car-
bon transition policies and, hence, require higher capital requirements to shield
against carbon transition risks.

Table 8: Optimal Capital Requirements and Energy Weight

αE = 0.05 αE = 0.1 αE = 0.15

Non-Energy CR, ϕY . ∆bp. 151 142 129
Fossil CR, ϕF . ∆bp. 134 172 189
Low-Carbon CR, ϕL. ∆bp. -26 29 38

Carbon Emissions,%∆. -36.0 -36.0 -36.2
Price Fossil Energy,%∆. 26.3 26.0 25.7
Price Low-Carbon Energy,%∆. -0.05 0.23 0.33
Price Energy,%∆. 19.4 19.3 19.1
Fossil Energy, ratio (%). 67.5 67.8 68.0

GDP,%∆. -1.25 -2.16 -3.11

Fossil Bank Credit,%∆. -27.6 -23.5 -22.4
Low-Carbon Bank Credit,%∆. 153 72.0 59.4
NBFI, ratio (%). 26.9 24.2 21.6
Bank Failure, annual rate. 0.90 0.86 0.89

Note: All values are in percentage points. φF indicates the elasticity of substitution between fossil capital and fossil natural resources in each
economy. Each column compares the benchmark steady-state to the new economy with carbon taxes achieving a 35% emissions reduction and the
level of sectoral capital requirements that maximizes welfare. ∆bp: denotes differences in basis points with respect to the benchmark economy
steady state withϕF equal to 9.4%.%∆: represents the percentage change with respect to the benchmark. Ratio (%): reports the ratio in the new
steady state.

58The energy share in intermediate inputs is measured by adding up the intermediate consumption shares of electricity,
manufacture of coke and refined petroleum products, and mining and quarrying from the national accounts aggregates at
the industry level from all economic activities in the European Union (NACE), see Eurostat.

59In view of this, we set our benchmark to αE = 0.1 consistent with other e-DSGE models (Diluiso et al. (2021)).
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C.5 Shock to fossil natural resources

In order to quantitatively validate our model and calibration we perform the fol-
lowing exercise as in Coenen et al. (2023). We simulate a permanent increase in
the price of fossil natural resources and compare our model responses to the em-
pirical estimates found in Peersman and Van Robays (2009, 2012). They find that a
10% increase in the price of fossil natural resources implies a fall in GDP of 0.3%.
Figure 8 shows how our economy reacts: GDP falls by around 0.2% in the short-run
and settles at 0.24% in the long-run. This illustrates that our model is able to repli-
cate empirically observed reactions to shocks into the fossil energy sector, which
is key to validate our results when climate policies (carbon tax) are implemented.

Figure 8: Effects of a 10% increase in the price of fossil resources

Note: %∆: represents the percentage change with respect to the initial steady state.
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C.6 Carbon Transition

Figure 9: Carbon Transition and Optimal CR: Energy sector

Note: Carbon transition starts in quarter 8 with the unexpected introduction of a carbon tax. %∆: represents the
percentage change with respect to the initial steady state. ∆p.p.: are percentage point differences. Ratio (%): reports
the ratio in the new steady state. NBFI stands for non-bank financial intermediation.
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Figure 10: Carbon Transition and Optimal CR: Financial sector

Note: Carbon transition starts in quarter 8 with the unexpected introduction of a carbon tax. %∆: represents the
percentage change with respect to the initial steady state. ∆p.p.: are percentage point differences. Ratio (%): reports
the ratio in the new steady state. NBFI stands for non-bank financial intermediation.
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percentage change with respect to the initial steady state. ∆p.p.: are percentage point differences. Ratio (%): reports
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Figure 11: Carbon Transition and Optimal CR: Real Sector

Note: Carbon transition starts in quarter 8 with the unexpected introduction of a carbon tax. %∆: represents the
percentage change with respect to the initial steady state. ∆p.p.: are percentage point differences. Ratio (%): reports
the ratio in the new steady state. NBFI stands for non-bank financial intermediation.
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